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SUMMARY

S

The basic ob.!ectlves of this study are to examine the

growth (or lack of it) In reliability and maintainability (R&M)

characteristIcs of past helicopter programs and to organize the

p data so that they can be used as bases for predicting the R&M

characteristics of future helicopter programs.

We were able to obtain time-series data for six R&M meas-

ures: (1) failure rates, (2) component-removal rates, (3) mis-

hap rates, (4) maintenance-action rates, (5) operational a~ail-

ability, and (6) maintenance man-hours. Though all these meas-

ures are to varying deirees interrelated, it is believed that

they are sufficiently different to warrant discrete treatments.
Each measure is discussed separately below. The need for

standardization of both R&M definitions and methods of data pre-

sentation can often bp seen. The data presented for each meas-

ure in the basic report are discussed briefly, and the location

in the report is identifled for easy reference. A general con-

clusion for each R&M measure is presented.

Duane [26] found that for some equipments cumulative fail-

ure rate versus cumulative operating hours resulted In a straight

line when the data points were plotted on log-log paper. He

expressed these "Duane curves" by the equation

CFR - At-

3 where

CFR = cumulative failure rate;

A a initial failure rate (intersection at t = 1 hour);

t a cumulative operating hours; and

a ax exponent.
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-a denotes the slope of the cumulative failure-rate line: when

a is positive, there is a decreasing failure rate; when It is

negative, there is an increasing failure rate. Because of the

convenience of the Duane formulation, we have calculated a's

for some of the reliability measures discussed below.

The Duane paper presented data for five equipments whose a's

fell In the range of 0.4 to 0.5. Because of the scarcity of

reliability-growth data, the Duane data (a's of about 0.5) have

been used in predicting reliability growth for many other equip-

ment programs, including helicopters. However, the helicopter

data presented herein indicate that a's for various measures of

helicopter reliability tend to be much lower; and even some cases

of negative a's were found.

A. FAILURE RATES

Failure rate (sometimes referred to in "malfunction rate"),

the most common measure of reliability, is expressed in several

forms. Two categories of failures are often used in specifying

helicopter reliability: (1) all failures,' and (2) failures that

are sufficiently serious to cause cancellation or termination of

a mission ("mission abort").

Failures are sometimes described as a rate (e.g., 25 fail-

ures per 100 flight-hours could be expressed as a failure rate

of 0.25 per hour). They may also be described by "mean time

between failures" (MTBF). In the example above, MTBF = 100 ÷ 25 -

4.0 hours. If the failure rate is constant, it can be used to de-

termine the probability of completing a mission by use of the ex-
-At

pression e , where A is the failure rate and t is the mission

duration in hours. For a failure rate of 0.25 per hour (hypothe-

sized above), the probability of completing a one-hour miss 4 on

without a failure would be 0.779; and the probability of

'A failure is the inability of an Item to perform within previously specified
limits.

S-2



completing a 1.5-hour mission would be 0.687. The probability of

completing a mission without any failure is usually called "total
reliability," "system reliability," or "maintenance reliability";

and the probability of completing a mission without a mission-
aborting failure is called "mission reliability" or "operational

reliability." Mission-aborting failure rate (per flight-hour)

is often referred to as abort rate, which is sometimes also

expressed as "mean time between aborts" (MTBA), calculated in

the same manner as MTBF but based on mission-aborting failures

only, rather than on all failures. To standardize these many ways

in which failure rates are reported, we recommend that MTBF be

used as the primary form of failure reporting, and then be quali-

fied as to whether it includes all failures ("system failures")

or only mission-aborting type failures ("mission failures").

Under the various terms discussed above, the following data

involving failure rates are presented in this study (see pp. vi-

xii, below, for pages on which the figures and tables appear):

(1) The failure rates for individual CH-47A aircraft
in Army operations worsen as the aircraft accumu-
late flight-hours (Figure 1).

(2) Wlien the OH-58A was introduced into Army service,
it underwent a 15-month R/M demonstration. The
MTBF initially was relatively high (probably re-
flecting the fact that the aircraft were new),
but during the first three months it dropped to
a level that stayed fairly constant for the re-
mainder of the program (Figure 4).

(3• The MTBA for the OH-58A worsened somewhat during
the first two years of Army service (Figure 5).

(4) Both the maintenance and operational reliabilities
of the UH-lD worsened over the first 13 months of
Army operation (Figure 9).

(5) The MTBA for the CH-54A remained approximately con-
stant over four years of Army service (Figure 11).

(6) The MTBF for all helicopters in Navy service de-
creased (worsened) over the period 1968-73 (Fig-
ures 15, 18, 21, 24, 27, 30, 33, and 36).

(7) Based on all failures for a 52-month flight-test
pr'ogram, a for the AH-56A was 0.16. For nine sub-
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systems, the a's ranged from -0.14 to +0.33 (Fig-
ures 49-58). (The AH-56A development flying covered
almost five years, and the program was cancelled with-
out ever reaching service use. Compared with the other
development programs for which data are available, it
appears that the AH-56A reliability growth may have been
somewhat slower than that of "successful" development
programs.)

(8) During the first 16 months of ground testing, the
T700 engine has shown a slight improvement:
a a 0.03, on the basis of all failures (Figure 62);
or a - 0.09, if failures for which "fixes" have
been accepted are eliminated (Figure 63).

(9) Failure rates generally improved in successive models of
of the T53 engined family (Figures 66 and 67).

(10) a for malfunctions per flight-hour for the CH-47
was 0.063 in Duane notation (or -0.063 in Boeing
Vertol notation) for the p-.rlod 1963-72. The sys-
tem a's rangea from 0.315 tc -0.160 for the period
1965-72 (Vol. 2, Part A, Table 2, p. BV-29).

(ii) a for rmialfunctions per flight-hour for the CH-46 was
0.218 for the period 1962-72. However, all the im-
provement took place from 1962 to 1970; it worsened
from 1970 to 1972. Data for systems are available
only from IQ68 to 1972. during which time they
showed a slight reliability degradation; average
u for 23 systems was -0.089 (Vol. 2, Part A,
Table 7, p. BV-116).

(12) The failure rate of the OH-6A remained approxi-
mately constant for the first 1,000 flight-hours
and then improved (a - 0.35) from 1,000 to 27,000
flight-hours (Figure 81).

(13) Based on development and early production of the
UH-lD, AH-IG, and OH-58A, the MTBF at 100 flight-
hours was 20-30 percent of the MTBF for the mature
production aircraft (Ch. V, Sec. C).

(14) "rBF/total reliability for the CTT-54A/B prog~ram
generally worsened over the period 1968-74 (Table
46).

(15) Abort rate/mission reliability for the CH-54A/B
program generally improved over the period 1968-74
(Table 46).

(16) There was a marked decrease in abort rate for the
CH-53, from about 0.25 at 100 flight-hours to
about 0.07 when the aircraft was introduced into
field service (after about 5,000 flight-hours).
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F From the tart of the flight-test DroF.rnam to early
field ser Ice, a was in the range 0.3-0.4. The
abort rat,. in field service dropped to about 0.03
after 40,000 flight-hours, but then it rose to
about 0.04 at 100,000-150,000 flight-hours (Figure
86).

S

General Conclusions. Itemb (7), (8), (12), (13), and (16)

above provide data on the ,arly-development flying (or, in the

case of the T700 engine, ground-test) portions of the programs.

All indicate failure-rate improvement during this portion of

the program. From the scart of the flIp*.ht-test program to

early field service, a's range from 0.16 for the AH-56A to

about 0.35 for the OH-6A anc CH-53A. Items (12), (13), and (16)

cover both development and service experience; they Indicate that

MTBF at 100 hours is about 16-30 percent of the MTBF for the

mature-production aircraft. The 16 percent is based on CH-53

aborting failures. It is probable that aborting failures (beinr

more serious in nature) receive more corrective attention than

failures in general. Hence, the lower part of the 16-30 percent

range may be more representative of abort ing failures, while the

higher part of this range is more representative of all failures.

During field service, failure rates in general appear to worsen

over time--which is probably due to the aring; of the fleet, the

tendency to add equipment to the aircraft, the tendency to in-

crease engine power, and the assignment of the better maintenance

and operatIng service personnel to the newer prograins.

B. COMPONENT REMOVAL RATES

Major comporlonts of helicoptors (e.g., transmissions, rotor

heads, and bldiies) are removed from the helicopter and sent to a

depot or factory f'or overhaul. Often these components have a

time between overhaul (TBO) established for them. With a TBO,

the component must be removed and overhauled when it has accumu-

lated the specified number of hours, even though it has not

failed; such removals are scheduled removalz. Some components
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have no TBO and are removed "on condition" (i.e., when failure

ocours'. In addition, because of failures, components with

TBOs may have to be rem ved prematurely. These removals because

of failure are unscheduled removals. Hence, we have three basic

classes of removal data: TBO, unscheduled removals, and all re-

movals (scheduled and unscheduled). As in the case of failure

data, removal data may be presented either as removal rate per

flight-hour (or per 1,000 flight-hours) or as a mean time becween

removals (MTBR). MTBR is usually based on total-fleet flig.iL-

hours divided bv total number of removals. However, data are

sometimes collected for individual components (in which case,

the actual nuLnber of flight-hours on the component since new or

last overhaul is reported). This type of data is designated

mrean time to removal (MTTR). We recommend that removal data be

reported as either MTBR or MTTR, since this format is directly

comparable to the reporting of TBOs, which are always reported

as time between overhauls--never as overhaul rates per flight-

hour. Under the various labels discussed above, the following

data involving removal rates are presented in this study:

(1) MTTRs for OH-58A components generally showed in-
creases from 1969 to 1972. However, even though
the components were not improving over this period,
their reported MTTR would tend to increase as they
accumulated time. Hence, the MTBR (not the MTTR)
was probably approximately constant (Figure 6).

(2) MTTRs 0jr AH-lr, components renerally showed de-
crease3 fror. 1969 to 1971. Because MTTRs tend to
increase during early service operation, this de-
crease in MTTRs would indicate strongly that MTBRs
were worsening over this period (Figure 10).

(3) MTTRs ior the CH-54A components generally increased
over the period 1969-72; however, as discussed under
the OH-58A (above), this apparent trend does not
necessari.ij Indicate a true increase in MTBR (Pig-
ure 12).

(4) Trends for several engines show a definite improve-
merit in unscheduled engine-removal rates (Figure 64).

(5) MTBRs generally increased for successive models of
the T53 enFine (Figure 69). However, MTBRs remained
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pJ
approximately constant for the T-55-L-7/7B/7C engines
(Figures 71 and 72).

* (6) Unscheduled removal rates improved for all four C'1-47
transmissions; average a - 0.22 (Vol. 2, Part A,,
Table 8, p. BV-118).

(7) Unscheduled removal rates were generally constant
for eight CH-47 major components (Vol. 2, Part A,
Table 11, p. BV-145).

(8) Un average, unscheduled removal rates worsened
slightly for five CH-46 major components (Vol. 2,
Part A, Table 13, p. BV-157).

(9) TBOs for transmissions and other components of the
CH-47 generally increased (Figures,75-78).

(10) Compoiint removal rates for the OH-6A improved, from
100 to 27,00u flight-hours; the maximum a that could
be ascribed to these data is 0.26 (Figure 82).

(11) TB0s for UH-7&A and H-13 both show good growth (Fig-
ure 83).

S (12) MTB~s for the CH-54A/B generally improved (Table 46).
(13) MTBRa improved in 13 of 14 major components of the

CH-53; average a - 0.23 (Table 47).
(14) TBOs for the CH-54A/B generally improved (Table 46).

S

Coneral Conclusions. MTBRs generally improved; they ap-

peared to worsen In only two of the 10 programs for which data

were obtained. Since overhauls are generally quite expensive,
* there Is a strong motivation to incorporate improvements that will

increase MTBRs. On the other hand, the Increases in power and

weight that us.•ally take place in model changes over the life of

a program tend to reduce MTBRs. TBOs almost always increased.

S TBOs are established mainly to protect against wearout-type

failures in critical components. A-, flight experience is accum-

ulated, it is normal to increase TBO after a component proves to

be safe at the previous TBO. However, TBOs are sometimes

* lowered--due to the power and weight Increases noted above.

C. MISHAP RATES

There are different categories of mishaps, but in general

they cover all incidents of a dangerous or potentially dangerous
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character--from minor incidents (such as precautionary landings)

to major accidents (in which an aircraft is heavily damaged or

lost). Chapter II includes time-series plots for four cate-
gories of mishaps:

o Total mishaps

* Mishaps involving materiel failure
* Total major accidents

e Major accidents involving materiel failure.

The following data on mishaps are presented in this study:

(1) Army mishap rates (both total and those involving
materiel failure) tended to increase (Figure 38).

(2) Navy mishap rates (both total and those involving
materiel failure) tended to increase (Figure 39).

(3) Army accident rates (both total and those involving
materiel failure) tended to decrease (Figure 38).

(4) Navy' accident rates (both total and those involving
materiel failure) tended to decrease (Figure 39). .7

(5) Fifteen of 17 helicopter types showed decreasing
major-accident rates. Average a for all 17 types
was 0.23 (Vol. 2, Part A, Table 4, p. BV-65).

General Conclusions. Total mishap rates tend to increase,

while major accident rates tend to decrease. Evidently, the

more serious types of failures (those causing accidents) tend

to be corrected, while minor problems are let go. The increasing

mishap rate is probably due to the factors noted in discussing

increasing failure rates (last sentence of Section A, above).

D. MAINTENANCE-ACTION RATES

Maintenance actions are those actions necessary for retaining

an item In (or restoring it to) a specified condition. Maintenance-

action rates tend to follow failure rates (i.e., if failures

increase, maintenance actions tend to increase). As In the case
of failures, maintenance actions can be expressed either as a
rate per flight-hour or as a mean time between maintenance actions

S-8



it.'

(MTBNA). We recommend that maintenance actions be reported as

MTUMA, since this format is directly comparable to our recommended

reportinS of MT•F. The following data involving maintenance-

action rates are presented in this study:

(1) Maintenance-action rates for individual CH-47A air-
craft In Army service tended to increase (Figure 1).

(2) Maintenance-action rates for helicopters in Navy ser-
vice tended to increase (MTBMA tended to decrease--

U Figures 14, 17. 20, 23., 26, 299 32, and 35).

General Conclusions. Maintenance-action rates tend to worsen
in field service. This result is compatible with the finding of

C. increasing failure rates in field service.

E. OPERATIONAL AVAILABILITY

Operaftonal availability is the percent of aircraft that areavailable for flying in an operational unit. It reflects all

previous taission-aborting failures that have not yet been repaired.
As such, it depends not only on the intrinsic RAM characteristics
of the aircraft but also on the'level of maintenance personnel,

C equipment, and spare parts available to maintain and repair the
aircraft. Hence, operational availability is an imperfect mea-
sure of RAM characteristics; nevertheless, differences in RiM
characteristics are generally reflected in operational-avail-
ability rates. The following data on operational availability
are presented in this study:

(1) The operational availability of the UH-lD increased
over its first three years of Army Service (Figure 8).

S(2) The operational availability of the AH-l increased
during its first half-year of Army service and then
remained approximately constant (Figure 8).

(3) Operational availability of the CH-54A increased in1-
tIalWv and then remained approximatoi) constant. For

* the CH-5BB, it increased initially and then remained
approximately constant, at about the same rate as for
the CH-54A (Table 43).
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General Conclusions. Operational availability tends to in-

crease over the first year or so of field service and then to

remain approximately constant. The initial increase is probably

due more to learning by operating and maintenance personnel and

the increased availab'lity of equipment and spare parts than it

is to improvement in R&M characteristics per se.

F. MAINTENANCE MAN-HOURS

Maintenance man-hours required to maintain the aircraft are

usually expressed as a rate per flight-hour (MMH/FH). The fol-

lowing MMH/FH data are presented in this study:

(1) MMH/FH increased for individual CH-47A aircraft in
Army service (Figure 1).

(2) MMH/FH of the UH-lD decreased over its first three
years of Army service (Figure 7).

(3) MMH/FH of the AH-lG decreased during its first half-
year of Army service and then remained approximately
constant (Figure 7).

(4) For all Army helicopters, MMH/FH tended to remain
constanG over time; if MMH/FH changed, it tended to
worsen more often than it improved (Table 6).

(5) For all Navy helicopters, MMH/FH tended to worsen
(Figures 16, 19, 22, 25, 28, 31, 34, and 37).

(6) For all Air Force helicopters, MMH/FH tended to worsen
over time (Table 16).

(7) MMH/1f decreased for successive models of the T53
engine (Figure 68).

(8) MMH/FH for the CH-47 decreased from 1965 to 1967 and
then remained approximately constant through 1972
(Vol. 2, Part A, Table 1, p. BV-4).

(9) MMH/Ff- for the CH-46 remained approximately constant
(a - 0.01--Vol. 2, Part A, Table 7, p. BV-116).

(10) MMH/FH for the H-21 increased for about the first
year of service in the French Army and tnen remained
approximately constant (Vol. 2, Part A, Figure 91,
p. BV-117).

(11) For equal weight empty, MMH/Fi has been decreazing
with year of introduction into service of new designs
(Vol. 2, Part A, Figure 128, p. BV-160).
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S (12) MM /FH for the CH-54A and CH-54B were approximately
constant; however, MMH/FH were higher for the CH-54D
than for the CH-54A (Table 43).

General Conclusions. During the first year or so of ser-

vice , MRH/FH tends to vary--increasing in some cases and de-
cr~easing In others. During the mature portion of service life,

MMH/FH tends to remain constant or increase slightly. The

factors noted in discussing increasing failure rates (last sen-

tence of Section A, above) tend to increase MMH/FH. On the other

hand, design improvements (and learning by operating and main-

tenance personnel) tend to decrease MMH/FH. Evidently, these

factors tend to offset each other.

We expect that the patterns of reliability growth (degrada-

tion) of future helicopter programs will be similar to those of

the past programs presented herein. Though there is probably
more management emphasis on reliability now than there was in the

past, the maturing of helicopter technology tends to make improve-

ments in reliability more and more difficult to achieve over time.

Hence, though the initial levels of reliability in future hell-

copter programs will probably be improved over those of past
programs, the subsequent rates of improvement from these Initial

levels will probably be similar to those of past programs. As-

suming that reliability growth (degradation) of future helicopter

programs will be similar to those of past programs, we would ex-

pect:

a Failure rates (both total and mission-aborting) will
(C definitely improve during the development phase of the

program; following introduction into field service,
they will probably worsen slightly.

o MTBRs and TBOs of components will increase in most
cases--both during development and in field service.

e Mishap rates will probably increase during field ser-
vice; accident rates will very likely decrease during
field service.
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* Maintenance-action rates will probably worsen during

field service.

* Operational availability will probably increase over the
first year or so of field service and then remain approx-
imately constant.

* MMH/FH will probably vary somewhat during the first year
of field service and thereafter remain approximately
constant or increase slightly.

We would like to make two recommendations regarding the re-

porting of R&M data:

(1) The Services all employ 100 percent reporting of heli-
copter R&M data; the result is a massive quantity of
inaccurate and incomplete data on every Service heli-
copter. Many of the data are needed for other purposes
(e.g., the maintenance log for an aircraft and the in-
ventory control of serial-number components). However,
for the collection of the type ol' R&D data presented
above, we recommend the use of a sampling reporting
system wherein high-quality data on relatively few
helicopters are reported. This recommendation is
especially urged on the Army, because it operates ap-
proximately 8,700 of the total of about 10,200 U.S.
military helicopters. This recommended change should
increase the quality of the R&M data systems.

(2) R&M contractual arrangements provide for the deduction
of failures that are judged to be due to causes other
than the mechanical performance of the helicopter it-
self. In addition, failures for which a "fix" has been
developed may be deducted, even though in some cases the
"fix" has not been tested. This deduction procedure can
lead to optimistic reliability projections. For example,
in the AH-56A program, Lockheed was allowed to deduct
1,487 of 1,770 failures; as a result, they were able to
show a system reliability of 0.701 for a 2.5-hour mis-
sion, while our calculations indicate that the system
reliability actually achieved was 0.100. We recommend
that the Services be much less permissive in allowing
contractors to deduct failures; otherwise, unrealisti-
cally optimistic projections of reliability will result
with a high price to the user when the helicopter enters
field service.
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PREFACE

This study was prepared by the Institute for Defense

Analyses for the Office of the Director of Defense Research and

Engineering (Tactical Warfare Programs) under Task Order T-105

with the Defense Advanced Research Projects Agency. The study

was under the teconical direction of Mr. John W. Klotz, Assistant

Director (Combat Support) of the Tactical Warfare Programs Office.

Because of the difficulties encountered in locating and ob-

taining helicopter-reliability data, it was felt that the useful-

ness of this report would be Increased if many of the data were

included so that the report could be used as a source of' data by

analysts; as a result, the report is more voluminous than would

otherwise be warranted for use by more senior managers.

The study was restricted by the availabi•ity of helicopter-

reliability and maintainability (R&M) data. All U.S. helicopter

manufacturers were asked for data; data w'ere obtained under sub-

contracts with BoeIrig Vertol, Hughes, arnd .7ikorsky. In addition,

data were obtained from various service organizations. In spite

of this rather exhau.stive data-coll-cting effort, the amount and

quality of data obtained were somewhat disappointing. There were

two basic reasons Peor the data problem: (1) most of the heli-

r:opters were-: developed fifteen years ago or more, and R&M data

collection was not emphasized In those days; (2) the retrieval of

data was difficult because much of It has been lost with the pas-

sage of time. Th,! lack of data was partIcularly serious in the

pre-service development phase of the helicopter programs. Moder-

ately grood pre-s.rv cC data were obtalnrid only for the AH-56A,

Off-6A, and 'IH-'5 3 proir"ims.
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Because of the data problem, it was not feasible to accom-

plish some of the objectives of the task order. For example,

the data were generally so crude that it was not practical to

calculate confidence limits; in many cases, we simply observed

whether R&M characteristics were improving, remaining constant,

or worsening over time.
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Chapter I

SERVICE RELIABILITY/MAINTAINABILITY (R/M) DATA

A. ARMY DATA

Army aircraft reliability/maintainability (R/M) data are

reported under The Army Maintenance Manafgement System (TAMMS).

This Is a 100-percent reporting system based on a written de-

scription of every maintenance action on every Army aircraft.

Analysis of these data requires extensive hand and computer

editing procedures that have been developed by the Army Avi-

ation Systems Coimmand (AVScCOr), St. L)uls, Missouri.

Duringi a visit to AV%%COM, we obtained the reports (in

computer printout form) on eight CH-47A aircraft. IDA person-

nel analyzed the printouts by hand. Tlhe effort required by

this .1mited analysis proved that, within the time and man-

power constraints of' this study, it would be completely beyond

IDA's capabilIty to analyze the Army TAMMS data. However,

AVSCOM has issued reports based on the TAMMS data for the

following helicopte-s: the OfH-58A, AlI-lG, CH-54A, and CH-47A.

From these reports, we have extracted data that show R/M trends

over time, as well as R/M trends as a function of helicopter

empty weight. From general Army regulations and field manuals,

we have also extracted maintenance man-hour data, which are

presented and analyzed below. We have also included some data

(obtained from Bell Helicopter Company) for the OH-58A, AH-IG,

and UH-lD helicopters in Army service.
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1. Anal~ysis of Field Data for the CH-47A

The laina used In this analy., Is we-re supplied us hy the

Directorate for Product; As surunn ý( ( AV"COM ) The Jata t;huit we

have analyzed are for the cII-147A hellcopter' and are output from

the Reliability and Ma! nta Inab 11it.y Manaigemrent; 1mprorveme.nt Tech-

niq-ues (RA.I'-IiT) data processinir, system .1vle ~by AV'SCO0M.

The narticular RAIMMIT report that we have used Is known as

The Aircraft Life Cycle Maintenan(-e and Ownership Record (TA'XCMOR).

TALCM09 (see the output samp~le In Tablle 1) provides acrnlo-

cal llst lnc (startinug withi the acceptance of an aircraft ritec the

Army inventory) comprised of all maintenance actlonrs p.ý-r-r d o)n
thýe a~rcraft., transfers of ownership, and scrappage. orsi'Jr
actions that occur during the life cycle of the aircraft'C. These
events are reconstructed from the Army TAMI-MS (Ref. [1] ) records,

which are trauisciribed on mnagnetic tape and stored -1n tie AVSrOM
";AM.L daabnk hsl'tn s available frori. M'VSCOPP on re-

quiest- for each serial-numbered aircraft in the Armiy inventory.

.The follo-wing, TAMM2S forms are used to de-v-lor a TAWMI.-1OR

(1) 2407 '.aintenancre Rie-ylest

(2) 2403-3 E~quipment MitaneR~cor I (Or1,anlýsatl anal

(3)ý 21408-7 FqimrtTr.ansfe~r Recoýrd

(4' 2408-8 EupntAcceptance and 13-f- strat.Ion Record

(5) 2408-9 Equipment Q*-nt1ro:1 eod

Th1,e only 2407 records that, are acetdInto tLhe c!ironolc<IeaI"11!

listing are those that record maintenance, actions on t~he end-

item aircraft. As o."eeme 1969, DA Form 2403-'3 has been

je leted from TAMMS ; arnd all orfra nI satlIonal mu .Iint. '"nance( rreý-

v'ously reported on Form 2408-3 is no,,- reporte'd on Form 2407.

Aiso), as of N~ovember 1972, DA 'Porms 2408-7 (Equlpment Transfer

Record) and 2408-8 (Equipment Acceptance and Registration Record)

were deleted in favor of one form, DA Form 2408-9 (Equipment

Control Record).

2



4A 0-

* on

10 - wg P0
.4 ~~~ b. *

cc ll 4 . q j u t n 0 1 0 1. U

411
IL- W tt

m m 9U U &

LLI ul d- W
3- WN 60

W 1- CD
13 C, 9- -

o Mi

a, a, a' IL

IA -9 -U , -l- .

0 0 Um 0.

LUu.U V. a W.. .

-, s 4W Li 9- 0 -

:! 4 'a 4 4

IA 0 P:

U ~go 0 1.oP.L ~
o- - 0i 0

4

4 ~ ~ W Wý S- I Ins Q a 49"" 0.- 0. 1-. PU F- F. j I P.

(I v~ n- Lp n ,6 ^

U, u 2, S0 0 % w



The records in the TAMMS data bank at AVSCOM are sorted to

select the records mentioned In the preceding paragraph fo'r each

Type/Model/Series (TMS) fleet. They are then sorted araln to

arrange the records In chronolug,1cal order for each end-.tem

aircraft within a given TMS: fleet. Thus, a TALCMOF( report for

a particular aircraft consists o! all 2407, 2408-. 3 , 2.040-7, 2408-8,

and 2408-9 records for that aircraft (arranged In ehrono'ogicul

sequence).

a. Limitations and Weaknesses of TAMMS and TALCMOR Data
for Measuring ReliabiliLy

The accuracy of a TALCMOR is, of necessity, limited to

quality of ownership and maintenance reporting and accuracy of

the keyp;,Unchiing required to,) get the data Into the RAMMIT data

processing system. The TALCMUR reports that we have examined

gererally contain many time gaps In the reporting of maintenance

on the Forms 2407 and 2408-3. Moreove:, these TALCMOR reports

contain (1) many records that are out of chronological order

(usually because of keypunching errors), (2) duplicate records

that report the same maintenance, and (3) records that report

maintenance but omit maintenance man-hours and part numbers.

T'hs, it was necessary for us to spend considerable time and

effort to edit and assemble the data Into a useful format.

For the purpose of measuring the field reliability of Army

helicopters, the TALCMOR data are probably the best that are

available from the Army. However, the TAMMS data system is not

rellability-oriented In the first place--a fact that severely

limits the usefulness of TAMMS as a source of reliability data.

There are several reasons for this:

(1) It is difficult to determine the occalrrence of
failures b-, examination of either the 2408-3 or
2407 forms. These forms contain failure codes,
when-failure-detected codes, first-indication-of-
trouble codes, and actior codes [1, Appendix A,
Tables A-1 - A-5]. In practice, however, only
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the' failure and action codes are recorded by the
maintenance ',rsonnel who prepare the Forms 2407
and 2408-3; u.id the failure codes are generally
insufficient to determine the degree of malfunc-
tion. It is altogether impossible to determine
whether the reported event aborted a mission.

(2) TAMMS is a 100-percent reporting system. Forms
2407 and 2408-3 are completed for every helicopter
in the Army inventory. The result is a massive
amount of low-quality data for the entire fleet
of Army helicopters. Once assembled, and even
with the help of the largest computers, this
volume of data is far too great and unwieldy to
be processed efficiently.

* (3) Part numbers are generally omitted from the forms
unless a component is being replaced. Thus, the
reliability data contained in a TALCMOR report
cannot be further subdivided by component or sub-
system. Therefore, it is not possible to determine
accurately the reliability or failure rates of in-
dividual components in a given TMS fleet. For this
reason, our reliability estimates are limited to
the complete helicopter. We remark, however• that
removal rates for major components are available in
the RAMMTm Mi,•Oi Ttems Rpmoval Wrequ-nev (mT1T)
report.

(4) In many cases, the removal and installation of se-
lected aircraft Items is not reported on Forms 2407
and 2408-3. Most of these maintenance actions,
especially those involving major high-cost or main-
tenance items, are reported on DA Form 2410 (Com-
ponent Removal and Repair/Overhaul Record). This
form Is used to record removal, overhaul, and re-
Installation activity for a specific serial-number
cormponent., and it stays with that component. Form
2410 shows the serial numbers of both the aircraft
from which the component. is removed and tho airoraft
on wich the component. is Installod. Thus, the 2410
forms are specific to Individual serial-number com-
ponents rather than to serial-number aircraft; and,
for this reason, they are not included in a TAfCMOR
report for an individual aircraft. For example, an
engine may bo removed from one aircraft, overhauled,
and then reinstalled on a different aircraft. This
complete series of actlons is reported on different
copies of the same Form 2410. In order to make use
of this information, AVSCOM publishes the Major tterns
Removal Frequency (MIRF) report for high-cost items
on each type of Army helicopter. This report is part
of the output from the RAMMTT system.
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(5) Lost TAMMS records impair the usefulness of a
TALCMOR report for measuring reliability. All the
CH-47A TALCMOR reports that we have examined con-
tain gaps in the reporting of maintenance and of
failures. Thus, because of missing data, it is not
possible to obtain accurate reliability estimates.
In some cases for an end-item aircraft, there are
as many as 1,000 flight-hours for which there is
no man-hour or failure accounting.

(6) Time intervals between successive failures on an
end-item aircraft cannot be determined accurately
from a TALCMOR report. Forms 2407 and 2408-3 contain
the cumulative flight-hours on the end-item aircraft
at the time the maintenance action recorded on the
form is performed. Thus, to obtain the time interval
between successive failures, it is necessary to
compare successive records--which cannot be done
when there are missing data. Also, it i- common
practice to neglect many minor failures and repair
them at the 100-hour Preventive Maintenance Peri-
odic (PMP) inspection. Thus, failures tend to
accumulate sharply near every 100-hour checkpoint.
The actual failure rate probably does not exhibit
these cyclical peaks.

b. Recommendations

The TAMMS reporting system as presently structured is ade-

quate for reporting man-hours expended in maintenance on Army

aircraft. However, the data gathered are inadequate for track-

ing the field reliability of Army helicopters. We make several

recommendations, which (if implemented) would allow accurate

field reliability data to be obtained through the TAMMS reporting

system:

(1) Detailed and accurate reliability data for a small
sample of Army helicopters would allow a more re-
liable assessment of field reliability than does a
massive quantity of inadequate, inaccurate, and in-
complete data on every helicopter in the Army inven-
tory. In this age of sophisticated statistical
mcthodology, it is not necessary to do exhaustive
sampling on a population in order to determine
certain population characteristics. This is par-
ticularly true in the field of reliability measure-
ment.



(2) In measuring reliability, we are interested in esti-
mating the probability distribution (and its mean--
MTBF) of the times to failure for a certain popula-
tion of similar items. Thus, the logical data to
be collected for the purpose of measuring the field
reliability of helicopters concern failures--the
time of occurrence of a failure, the time interval
between successive failures, number of duty cycles

* since last failure, hours on a component at the
time of failure, part number of failed component,
etc. Thus, the TAMMS data forms--particularly DA
Forms 2407 and 2410--should be revised so that this
type of reliability data (in addition to maintenance
man-hours' can be collected by the TAMMS system.

* The TAMMS system is the logical mechanism for col-
lecting and reporting accurate field reliability
data.

(3) The coding system used in TAMMS to record failures
and maintenance actions is simple. Thus, it is easy
for maintenance personnel to use the system. How-
ever, the TAMMS failure codes are not adequate for
determining the occurrence of failures. At present,
it is impossible to determtne whether a failure is
relevant to safety uf flight or whether it caused
a mission abort. If the TAMMS reporting system is
expanded to include reliability data, the Army's
failure definitions, failure codes, and action codes
should be revised so that failures and the conditions
surrounding their occurrence are accurately recorded
on the TArMMS data forms. Thus, a revised TAM'qS-
failure coding system should distinguish between
system, mission, ani naf-tv of fliaht failures.

..ome szmple trade-offs are involved in these recommendations,

which are not, however, simple to implement. The revisions of

TA:MS that we have proposed would urdoubtedly make the system

more costly and uinwieldly than the present TAMMS if the revised

system were applied to every helicopter in the Army inventory.

iowever, by limiting this extended coverage to a much smaller

sample of aircraft (10 percent or less of the Army helicopter

Inrveritory), the number of personnel and man-hours required to
obtain accurate nelicopter field reliability and maintainability

7



data could probably be substantially reduced.' To be sure,

it would require greater training and motivation to obtain from

maintenance personnel the increased performance that would be

required to collect accurate and complete helicopter reliability

data of the type we have discussed here. The personnel re-

quired to collect and codify the type of data sought in these

recommendations would need specialized training in reliability,

in order to be able to distinguish between the different types

of failures. At present, people who are knowledgeable in re--

liability are not likely to be found at the organizational

level filling out TAMMS forms.

c. Results

We have analyzed TALCMOR reports for a total of eight CH-47A

aircraft. However, only five of these reports contained data

that were complete enough for use in our study. The data pre-

sented and analyzed in t.,is section are for the following sample

of CH-47A aircraft: serial numbers 6507991, 6507994, 6508002,

6619068, and 6619071. These data cover more than 14,000 flight-

hours on the CH-47A for the period March 1966 through March 1973.

Table 2 shows maintenance man-hours per flight-hour (MMH/FH),

maintenance actions per flight hour (MA/FH), and Failures/FH for

the first 100 flight-hours, the next 400 flight-hours, and then

for each 500-flight-hour interval to 2,500 flight-hours. The

first five panels of the table present data for the five indi-

vidual aircraft; the bottom panel presents the average R/M meas-

ures for the five aircraft. Each aircraft in the sample has

accumulated flight-hours in excess of 2,500. The data in Table 2

'However, many of the data presently being collected are needed for other
purposes (e.g., the maintenance log for an aircraft and the inventory con-
trol of serial-number components). Henceja sampling program for all
maintenance actions is not feas'ble; many would have to continue to be
reported on a 100 percent basis.

8



Table 2. R/M MEASURES FOR THE ARMY CH-47A

m ~Number of Flight-Hours

R/M Measure 100 500 1000 1,500 2,000 2,500

Serial 0666b'991

MMH/FH 16.46 12.25 9.19 22.05 18.35 16.61
MA/FH . 0.98 0.74 0.45 0.35 1.00 1.08
Failures/FH 0.288 0.310 0.162 0.059 0.265 0.160
Flight-Hours with Data

Missing 20 106 238 413 208 289
Julian Date 6159 7153 8100 9022 0041 0174

Oer'ia 4i5607994

MMH/FH 16.77 12.10 6.12 8.80 6.23 11.40
MA/FH 1.37 1.09 0.58 0.79 0.50 1.27
Failures/FH 0.286 0.391 0.250 0.196 0.150 0.390
Flight-Hours with Data

Missing 16 82 136 182 121 102
Julian Date 6180 7193 8137 9071 9286 1210

Serial 06508002

MMH/FH 13.76 14.83 11.22 6.41 18.43 12.96
MA/FH 0.65 0.68 0.67 0.51 1.59 2.06
Failures/FH 0.800 0.196 0.202 0.188 0.674 0.764
Flight-Hours with Data

Missing 0 78 39 355 333 124
Julian Date 6202 7106 7333 8149 9334 1350

SeriaZ 66#19068

tMMH/FH 2.41 5.66 11.28 8.62 19.01 22.74
MA/FH 1,07 0.52 1.29 0.78 1.60 0.91
Failures/FH 0.267 0.119 0.161 0.192 0.423 0.167
Flight-Hours with Data

Missing 78 138 114 102 262 265
Julian Date 7210 8030 9011 9242 0066 1139

Serial #6619077

MMH/FH 7.64 7.64 37.73 45.70 58.78 15.36
MA/FH 0.54 0.65 1.11 1.38 1.48 1.75
Failures/FH 0.063 0.194 0.619 0.652 0.488 0.784
Flight-Hours with Data

Missing 20 9 170 60 305 0
Julian Date 7177 7347 8214 9147 1130 3066

Av.'erage of Five Aircraft

MMH/FH 11.41 10.50 15.11 18.32 24.16 15.81
* MA/FH 0.92 0.74 0.82 0.76 1.23 1.41

Fail ures/FH 0.189 0.242 0.279 0.257 0.412 0.448
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cover on-aircraft maintenance only for all levels of Army main-

tenance except depot maintenance.

In most cases, detailed exam.ination of the R/M data revealed

gaps in the reporting. These gaps are indicated in Table 2 by

"Flight Hours with Data Missing." For example, Table 2 for air-

craft #6507991 under 500 flight-hours shows 106 flight-hours

witn nc maintenance data reporting--which means that, for the

interval between 100 and 500 flight ,iurs, we estimated that

there were 106 flight-huurs on this aircraft for which no failure

or maintenance data were listed in the TALCMOR report. Since DA

Forms 2407 and 2408-3 always show the cumulative flight-hours on

the aircraft, we have an accurate record of cumulative flight-

hours. However, there are dayg for which no maintenancP action

forms are listed in the TALCMOR report. Thus, the TALCMOR record

for aircraft #6507991 shows a Form 2407 on Julian date 6223

(z 223rd day of 1966 = 11 August 1966), with 134 cumulative flight-

hours. The next record in the report is a Form 2408-3 dated 6321

(98 days later, 17 November 1966), showing 156 cumulative flight-

hours. It is very unlikely that this aircraft did not fly be-

tween 11 August 1966 and 16 November, say, and then was flown

for (156 - 134 =) 22 hours on 17 November. Since CH-47A aircraft

average about 2 hour's of flying time each day, we can reasonably

estimate that there are about 20 flight-hours in the time interval

between 11 August and 17 November 1966 for which we 'lave no re-

porting of maintenance actions. Since this aircraft averaged

0.74 maintenance actions per flight-hour during this period (100

to 500 cumulative hours), it is unlikely that it flew 22 hours

wlth no maintenance actions. Hence, there are probably missing

maintenance reports for this period.

In all cases, the three R/M measures of Table 2 have been

corrected for the flight-hours with data missing. The corrections

were made by eliminating the gaps in the data. For example, the

three R/M rirasures for serial #6507991 between 100 and 500 flight-

hou~.rs are based on the R/1 activity levels during the (400 - 106 )

• + . . . . . ... . . . . . + + . . . + 1 0"
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294 rllght-hors t'or which the data were believed to be completely

reported.

The Julian dates for Table 2 show the dates on which the cor-

r0spondlng flg4ht-.hour milestones were reached (or the date on the

mraintenance form with cumulative flight-hours closest to the mile-

atone), Thus, the 500-hour milestone for aircraft #6507991 was

roaehed o.n Jullan date 7153 (i.e., on the 153rd day of 1967).

Thia date was 2 June 1967.

Figure 1 coi.tetns a semi-logarithmic plot of the three

average R/M measure: (from the bottom panel of Table 2) plotted

versus flight-hours. The averages are plotted at the midpoint

of each flight-hour interval. Thus, for the interval 100 to 500

rligilt-hours, we show thc' average of 0.242 Failures/FH plotted

at 300 flight-hours, etc.

Figure I Indicates that the trends of the three R/M measures

all worsened as the helicopters accumulated flight-hours. The

Julian dates of' Table 2 indicate that it took an average of

approximately five years for each helicopter to accumulate 2,500

flV•1 -hours. The /IM averages for thIs group of five helicopters

Indicate that over this period of time the effect: of any design

improvements incorporated in the helicopters was more than offset

by the aging of the helicopters--and possibly by the installation

of' additional eq.iient. and accompanying weight growth. Army per-

sonnel sur,gested that another reason for the decrease in reliabil-

Ity with time might be that., as the helicopter operators become

more familiar with the aircraft and develop more confidence in

them, there is the possibil•ty that they fly them harder and

carry greater loads than they were designed for. In any case,

the detailed R/M data for these CH-L7A helicopters would indicate

that. individuaZ aircraft do not expeorience R/M growth during their

service life. It is possIble, however, that later CH-47 models

entering service in the 1970s might exhibit improved R/M charac-

teristics at numbers of flight-hours equivalent to t hos' of these

CH-47s that entered service abraut 1966.
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2. Mean Time Between Maintenance Actions (MTBMA), Replace1 Actions, and Repair Actias

Table 3 presents data for mean time between (1) maintenance

actions, (2) replace actions, and (3) repair actions for four

"types of Army helicopters. These are the only helicopters for

which these data have been published by AVSCOM. These various

mean times between actions have been plotted versus empty weightl

in •igure 2. In all three types of actions, the mean time between

actions (MTBA) is much lower for the CH-47A than for the CH-54A,

* even though the empty weight of both aircraft is nearly the same.

Trend curves have been drawn between these points. These curves

indicate a strong decre'ase in MTBA versus empty weight. These

curves appear to be logical, since larger helicopters have more

part;s and should there4 ore be expected to require more MA/FH

(or less MTA)) than smaller helicopters.

Table 3. ARMY HELICOPTER RELIABILITY DATA

Mean Time Between-- OH-58A AH-IG CH-54A CH-47A

Maintenance Actions 1.7 1.3 0.73 0.45

Replace Actions 13.2 3.9 2.4 1.0

Repair Actions 75.0 45.0 18.9 4.4

Source: References [2], [3], [4], and [5].

A word of cautIon cnricerning the averages presented In

Table 2 Is needed. These averages are for entire fleets of Army

helicopters for specific time periods. The TALCMOR analysis for

the Cii-47A (above) shows, though inconclusively, that the various

failure and maintenance rates for individual helicopters increase

]Army fleet average empty weights (in pounds) are as follows:

UH-1 4,700 CH-47 19,400
Af4-l 5,300 CH-54 19,200
OH-6A 1,200 OH-58 1,500

* CH-37 19,700
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with cumulative flight-hours. Thur,. the values of Table 2 would

tend to worsen as the fleets age. Since the average age of the

OH-58A aircraft, for example, is less than that of the CH-54A

aircraft, some of the reliability advantage of the 0H-59A

may be due to a lower fleet age rather than to smaller size

only (as suggested by Figure 1).a
Figures 3a-c (ieproduced directly from AVSCOM reports) show

the breakdown of maintenance actions by functional group for the

OH-58A, AH-lG, and CH-54A.

3. The OH-58A

The Army OH-58A was developed by Bell Helicopter from the

OH-4A and Jet Ranger 206A. The OH-4A was Bell's entry in the

Army Ldtght Observation Helicopter (LOH) competition in the early

1960s. When that competition was won by the Hughes OH-6A, Bell

developed the Jet Ranger from the OH-4A and sold it to commercial

operators and foreign governments. In FY 1968, Bell sold to the

Army and to the Navy versions of the Jet Ranger (the OH-58 and

the TH-57, resp.). These aircraft entered service in calendar

year (CY) 1969. This family of helicopters had accumulated

roughly 200,000 flight-hours by the time the OH-58A entered Army

service; hence, the initial reliability growth period (if any)

would not be captured by the Army experience.

Figure 4 shows MTBF over a 15-month period during R&M

demonstration at Fort Rucker. The MTBF was relatively high ini-

tially (probably reflecting the fact that the aircraft were new),

but dropped during the first three months to a level that stayed

fairly constant for the remainder of the program.

Figure 5 (from an AVSCOM report) covers a later period and

shows MTB Aborts (rather than MTBF, as in the case of Figure 4)

for each calendar quarter beginning in the third of 1970 through

the second of 1972. Figure 5 indicates that MTB Aborts worsened

somewhat over the period covered--due probably to the aging of

the fleet.
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Figure 6 (from the same AVSCOM report) shows the trends in

mean time to removal (MTTR) for major items of the OH-58A. The

various panels of Figure 6 cover 21 items; by visual inspection,

the trends were categorized as follows:

MTTR Increased: 16
MTTR remained constant: 3
MTTR decreased: 2

The categorization is noted to the right of each trend by the

words up, constant, or down. The relatively greater number of

increasing MTTRs would seem to indicate that the helicopter as

a whole experienced reliability growth in MTTR over this period

of time. However, '1oser examination of the data for the OH-58A
fIeet yields a differen'. interpretation. For example, in Figure 6

the freewheelllng unit, PN 20604023013, exhibits a sharp upward

Srend in MTTR from the fourth calendar quarter of 1969 through

"the second of 1972--going from about 125 hours MTTR to more than

800 hours %.TTR. In fact, during this ll-quarter period there

w0ere seven q1-arters when MTTR exceeded 550 hours, four quarters

when 1,MTTR was less than 475 hours, and two quarters when MTTR was

leus than 300 hours.

'lowever, the first OH-58A aircraft were delivered to the

Army in May 1969, and at the end of the fourth calendar quarter

of 1969 only 99 of these aircraft had been accepted into the

Army Inventory. As of September 1972, the aircraft in the Army's

O9H-53A fleet had averaged 32.4 flight-hours per month per air-

oraft. Thus, by the end of CY 1969 very few OH-58A aircraft

would :have accuimulated more than 200 flight-hours. Thus, MTTR

for any OH-58A components in CY 1969 would have to be less than

200 hours. An examination of the trends in Figure 6 shows that,

for every part number where there is a point plotted for the

fourth calendar quarter of 1969, the MTTR is less than 150 hours.

Thus, all these upward trends are rather doubtful. In fact, as

of 30 September 1972, only 25 percent of the OH-58A fleet had

accumulated more than 526 flight-hours.
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"Suppose now that :i ,,omponent (X) on the OH-58A has a true

MTTR oA', saiy, 700 hour-. When plotted versus calendar tirnr,

(st:irt"1 1. ni t. hC tourPt!, caleidaIr qujarter of 1969), the MTTR for

component X w11, thus ' sihw a ste ady Increase--joinf, from about

100 ýiours i,'I'1'h !n ;'Y 1969 to around 700 hours MT'rTR in the middle

of , . ''o the tye, thil.; Iniieri. 1, lk k ii ro ,li;±bi ty

iinpz, : ',~ ~ t.Lu, ; Ltt It I , I. ,., n ,h:, i , . :t r.-iin.; tnlent

that ;Lprec', , :toady ' ,. H-i:-',, our. con(;lu !',n is t1"hat

it is very doubtful that the upward trends in Figure 6 are in-

dicative of any reliability improvement. On the other hand, we

can conclude that those components that ?,howed level or downward

trends in Figure 6 were definitely experiencing reliability

degradation, since it is hard to envision how a steady-state

MTTR could be reached by way of a decreasing trasioent.

4. The AH-IG and the UH-1D

Figures 7 anu 8 (taken from a paper by Bell pel l'orter ner-

sonnel) show trends in MMII/Fli and operational avaIlabil_'ty "or

the UH-ID arnd AH-IG' hte1icopters followinr., their lntr'od.lctlons

into Army service. Since both ho, i co to:r were der-O[vVaI'v's of

earlier U}-i models, the initial reliability grwwtii, d for

each w•)uld not be representative of that for a completely new

helII.opter. Both the UI}-ID and AH-2IG seemed to experience re-

liab l 1'.y :;r.-wth.
The - ,'.:"/ f( rr the uii-i 1) rwreased in 1965r rla,. Iv e to

1964, but the trend over the 1964-67 period was dowanward; the

UH-ID op.,ratlonal avallabillty Increased sorfl(!,hat over the same

period.

The 14MIi/FI{ for the AI{-IG decreased over the period shown;

however, all the decrease occurred in the first four months.

Similarly, virtually all the Improvement in the AII-lG avall-
abillty tok place In th,,' first. four or flve moriths.
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Figure 7. MMH/FH FOR THE ARMY UH-ID AND AH-1G
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Figure 9 (from Bell Report 205-099-141) presents reliability

data for the same UH-ID fleet as reported in Figures 7 and 8.

The period covered is the first 13 months of Figure 7 and 8

(July 1964 through July 1965). The "operational reliability"

of Figure 9 considered only primary failures that produced system

or subsystem failures, while the "maintenance reliability" In-

cluded all'failures (primary, secondary, and externally caused)

that necessitated unscheduled maintenance. The helicopter was

broken down into 14 different systems, and similar plots were

rresented for- each system. The operational reliability worsened

over the 13 months for all systems except the power plant, and

the maintenance reliability worsened for all systems except the

oil-cooling, power-plant, and rotors systems. As would be ex-

pected, Figure 7 shows that MMH/FH increased over this same

period, during which reliability worsened. Figure 7 indicates

that MMH/FH declined in the following two years, but unfortunately

we were not able to obtain reliability data for these following

two years.

Figure 10 (from an AVSCOM report) shows the trends in MTTR

for maJor items of the AH-lG for a later period of time than

that covered by the Bell paper. There are 22 items covered in

the various panels of Figure 10; by visual irspection, the

trends were categorized as follows:

MTTR increased: 5
MTTR remained constant: 4
MTTR decreased: 13

The categorization is noted to the right of each trend by the

words up, constant, or down. The relatively greater number of

decreasing MTTRs would indicate that the helicopter as a whole

experienced reliability degradation in MTTR over this period of

time.
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Figure 10. MTTR FOR THE ARMY AH-1G, 1 OCTOBER 1969 -
30 SEPTEMBER 1971
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5. The CH-54A

Table 4 (reproduced directly from an AVSCOM report) pre-

sents mean time between flight aborts' for the CH-54A fleet.

These data are plotted in Figure 11. As can be seen from the

figure, the abort rate was quite variable over this period of

time, but the overall trend was approximately constant.

Figure 12 (from the same AVSCOM report) shows the trends

in mean time to removal for major items of the CH-54A. The

various panels of Figure 12 cover 18 items; by visual inspec-

tion, the trends were categorized as follows:

MTTR increased: 10
MTTR remained constant: 5
MTTR decreased: 3

The categorization is noted to the right of each trend by the

words up, constant, or down. The relatively greater number of

increasing MTTRs seems to indicate that the helicopter as a

whole experienced reliability growth in MTTR over this period

of time. However, caution should be observed in drawing this

conclusion, since there are many gaps in the data. It should

also be noted that for certain items, the MTTR for some quarters

may be based on only a single removal. Further, as discussed

under the OH-58A trends (Subsection 3, above), some of the

a .. earent could be due to the accumulation of flight-

hc.ir3 on the components over time.

6. Maintenance Man-Hours per Flight-Hour (MMH/FH)

"he ...rmy publishes manuals giving manpower requirements for

vri~ous types of equipment. Since these documents are reissued

periorlcaliy, they should show trends in helicopter maintenance

man-hours over calendar time.

'Th.•e t,•rr~ "fih•t ~abort" -,ieans the premature termination of a Mission for
UCny rr3sA:vsra.

3 e st AVaia~ Cc,



Table 4. ABORT DATA FOR THE ARMY CH-54A,
1 JANUARY 1969- 31 MARCH 1973

Average Flight Number of MTB

Quarters Inventory Hours Aborts Aborts

1st Qtr. 69 55 5063 10 506.3

2nd Qtr. 69 56 1702 4 425.5

3rd Qtr. 69 58 5417 9 601.9

4th Qtr. 69 58 5167 4 1291.8 .

lot Qtr. 70 58 5173 13 397.9

2nd Qtr. 70 58 6091 8 761.4

3rd Qtr. 70 57 4025 8 503.1

4th Qtr. 70 56 2904 3 968.0

1st Qtr. 71 54 2816 11 256.0

2nd Qtr. 71 52 2405 3 801.7

3rd Qtr. 71 51 2390 6 398.3

4th Qtr. 71 50 1501 4 375.3

1st Qtr. 72 50 1189 0 1189.0

2nd Qtr. 72 49 1524 4 381.0

3rd Qtr. 72 49 1418 1 1418.0

4th Qtr. 72 48 974 3 324.7

1st Qtr. 73 47 874 3 291.3
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Figure 12. MTTR TRENDS FOR THE ARMY CH-54A, 1 OCTOBER 1969

30 SEPTEMBER 1972
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Figure 12 (continued)
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Table 5 presents all the helicopter maintenance man-hour

dawa published by the Army in general service manuals since

April 1958. As can be seen in the sources given at the bottom

of Table 5, the Army data have been published in a number of

different regulations and manuals. In all, eight documents have

been published since April 1958--seven of them since February

1968. Data are reported for three levels of maintenance: or-

ganizational, direct support, and general support. However, as

can be seen by the dashes in the table, not all three levels are

reported in every document. The April 1958 document reported

only organizational data; the next three documents reported only

direct-support and general-support data, while the last four

documents reported data for all three levels of maintenance.

Ln some cases, the designation of the helicopter type varied

am.ong documents. For example, the M.Iay 1971 document show.;ed only

a single entry for all CH-47 aircraft, while the September 1971

document showed figures for the CH-47A, CH-47B, and CH-47C.

in all cases, the figures include a "1.4 indirect productive

"1- "-factor, "and include both on- and off-aircraft maintenance.

The fi-.:ures of Table 5 are taken directly from the Army publica--

tions In all but two cases: the organizational maintenance in

the M[ay 1971 and March 1973 documents sho;:.,ed "direct man-hours

.er fl-zht hour." These figures were multiplied by 1.4 to make
them consistent with all the other figures.

Presumably, nhe maLntenance :nan-hours, which are nrovided

by AV•,,.(AMSAV-F"i ), should reflect actual Army experience. Un-

r-;r"tunately, an examination of the figures indicates that such

may not be the case. For example, note the direct-support

"i�.ire's for the H1-13 in thie last four publications (1.40, 2.20,

1.40, 2.20). These fii;ves look suspiolously as though they

• ,.,'2r~ato.d by clerk. copying figures from previous documents

,%,r:a;:`iýý, -istakes in Th.. proc-ss. With t;his caveat, let us

,x :is. ',h nhe iata r-o1lativrv' to trends over time.

4 Best Available Copy



Table 5. ARMY MMH/FH

Helicopter Apr Feb May July May Sep Mar May
Type 1968 1968 1968 1969 1971 1971 1973 1973

.r.'•P i n: - a Mainten:anoe

H-13 4.00 -- -- 2.65 2.65 2.65 2.65
H-23 4.00 .. .. .. 2.65 2.07 2.65 --
H-19 7.00 .. ...- -- --
H-21 10.80 .. ..-- -- --
H-34 10.80 .. .. .. 7.98 8.60 7.98
H-37 15.60 .. . ..-- -- -- .
UH-1A/B/C 6.00 .. .. .. 3.35 3.35 3.35 3.35
UH-1D/H -- .. ... 3.25 3.25 3.25 3.25
All-IG .. .. .. .. 4.05 4.05 4.05 4.05
OH-6/OH-58 -- -- -- -- 2.25 2.25 2.25 2.25
CH-47 .... .. .. 12.70 -- 12.70 --
CH-47A .. .. .. .. -- 12.73 -- 12.73
CH-47B .. .. .. .. .. 12.32 -- 12.32
CH-47C .. .. .. .. .. 11.30 -- 11.30
CH-54 .. .. .. .. 17.81 17.81 17.81 17.81

Drect Support

H-13 -- 1.40 1.40 1.40 1.40 2.20 1.40 2.20
H-23 -- 1.54 1.54 1.54 1.54 2.52 1.54 --
H-19 -- 4.62 4.62 4.62 -- -- --

H-21 -- 5.46 5.46 5.46 -- -- --

H-34 -- 4.76 4.76 4.76 4.76 9.72 4.76 --

H-37 -- 7.56 7.56 7.56 -- -- --

UH-I -- 2.10 2.10 2.10 .. .. .. ..
UH-IB/C -- -- -- 2.79 2.79 2.79 2.79
UH-1D/H .-- -- . 2.41 2.41 2.41 2.41
AH-1G -- 2.10 2.10 2.10 2.62 2.62 2.62 2.62
OH-6 -- 1.19 1.19 1.19 2.81 2.81 2.81 2.81
OH-58 -- -- 2.81 2.81 2.81 2.81

(continued on next page)
49



Table 5 (continued)

Helicopter Apr Feb May July May Sep Mar May

Type 1958 1968 1968 1969 1971 1971 1973 1973

CH-47 -- 8.12 8.12 8.12 10.73 -- 10.73 --

CH-47A -- -- -- -- 10.74 -- 10.74
CH-47B .... .. .. .. 8.36 -- 8.36

CH-47C .... .. .. .. 12.31 -- 12.31

CH-54 -- 13.60 13.60 13.60 7.85 7.85 7.85 7.85

H-13 1.12 1.12 1.12 1.12 1.78 1.12 1.78

H-23 -- 1.12 1.12 1.12 1.12 3.09 1.12 --

H-19 -- 2.52 2.52 2.52 -- --.

H-21 -- 2.80 2.80 2.80 -- -- --

H-34 -- 3.22 3.22 3.22 3.22 6.58 3.22

H-37 -- 5.04 5.04 5.04 -- -- --

UH-1 -- 1.54 1.54 1.54 -- -- --

UH-IB/C -- - -- 2.30 2.30 2.30 2.30

UH-1D/H -- -- -- 2.02 2.02 2.02 2.02

AH-IG -- 1.54 1.54 1.54 2.18 2.18 2.18 2.18

OH-6 -- 1.04 1.04 1.04 0.67 0.67 0.67 0.67

OH-58 -- -- -- 0.67 0.67 0.67 0.67

CH-47 -- 5.18 5.18 5.18 7.85 -- 7.85 --

CH-47A -- -- -- -- 7.85 -- 7.85

CH-47B -- 6.43 6.43

CH-47C .... .. .. .. 8.85 -- 8.85

CH-54 -- 2.98 2.98 2.98 5.66 5.66 5.66 5.66

Sources: References [8], [9], [10], and [11].



In the case of organizational maintenance, no data were pub-

lished between April 1958 and May 1971. For the four aircraft
reported in both time periods, all showed significant reductions
in MMH/FH. It is possible that some definitional change caused
this reduction. From May 1971 to May 1973, the MMH/FH were essen-
tially constant for all types.

In the case of direct support, the September 1971 figures
for the H-13, H-23, and H-34 appear questionable; they are much

higher ;han those of both the immediately preceding and the im-

mediately following periods. They should probably be ignored.

The UH-l, AH-IG, OH-6, and CH-47 are higher in the last four
periods than in the first three. The reverse is true for the

CH-54. Hence, the direct-support MMH/FH appeared to worsen for

four types, improve for one type, and remain constant for the

other seven types.

In the case of general support, the September 1971 figures
for t-he H-13, H-23, and H-34 again appear questionable; they aremuch hic=' h n h s •Lk-_

uhi r than thos of both the immediately preceding and the

immedtately following periods. The UH-I, AH-lG, CH-47, and

_;_5 are higher in the last four periods than in the first

three. The reverse is true for the OH-6. Hence, the general
support !0NH/FH appeared to worsen for four types, improve for

one type, and remain constant for the other seven types.

The results of this analysis are summarized in Table 6.

Even 2ncluding the April 1958 data, there are mcre cases in

.. ,::: 4ovsened than in which -hey improved. To the
-: that these data can be believed, they show, in general,

,e...n .orstant over ti'e; if they do change, they

"- .,-.....m re ,'•en than the'. fmurcve.

Best Available Copy



7

Table 6. SUMMARY OF CHANGES IN ARMY MMH/FH

Number of Helicopter Types

Including Excluding
MMH/FH April 1958 April 1958
Change Data Data

Worsened 8 8
Improved 6 2
Constant 20 20

Table 7 presents some additional MMH!FH data published re-

cently by AVSCOM.

Table 7. ARMY ON-AIRCRAFT MMH/FH

Aircraft Data Time Frame MMH/FH

OH-58A Jan 70-Jun 1l 2.06

AH-lG Jul 70-Jun 71 5.53

CH-5"4A Jul 70-Dec 72 14.50

CH-47A Apr 71-Mar 73 14.94

7 .... e-s onaiorresant maintenance
-?'"zn sr -" .' T a= lowe h o n- -. r f

.n. and are therefore 1o;.er 'Than those of Table 5, which include
n., •.- and off-aircrat. Maintenance. The ta ITh .... o`-a" -MH/F'H ""or all

:7.a-*nna foral t-f turoine-powered helicopters of

5 an: 7 are -lotted in Fi;ure 13. The data points from
L .: a nearl ,, trai-n line on the semi-log plot.

c-nt ' a lie
.rom Table do not lie in a straight line; a

r- .. :. . .raie' to that o"a "he upper trend has been fitted

a s fairly w'ie range of uncertainty at

Best Available Coply
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B. NAVY 3-M DATA

Navy aircraft maintenance data is reported under the Main-

tenance Material Management (3-M) reporting system, a comput-

erized system operated by the Navy Fleet Material Support Office,

Mechanicsburg, Pennsylvania. Data are submitted on all Navy air-

craft in service use; the test period prior to service use is not

covered. Data are published on both monthly and quarterly bases.

The Navy advised against our use of its 3-M data before CY 1968,

because they were less reliable than data for FYs 1968-73, which

are reported herein.

Data are assembled by major operating command. For example,

the UH-lN reports show separate data for the following operating

commands:

FMFLANT (Fleet Marine Force Atlantic)

C:IAP (Commander, Naval Air Force Pacific)

MARNFMF (Marine Non-FMF)

"NATRA (Naval Air Training)

CNAL (Commhander, Naval Air Force Atlantic).

Data for helicopters operating under combat conditions in Vietnam

probably are not representative of normal noncombat operations.

Accordingly, we excluded data from the Pacific commands in our

use of the 3-N data.

mhr' 3-: system npermits the ready calculation of three R/M

m,,a*uries: (1) mean fliht-hours between maintenance' actions

(M'i,,.,), 2 (2) mean fli'.ht-hours between failures1 (ITBF), ad

(3) maintenance' man-hours per !'lirht-hour ('.H/F.). 3 It is

-:r'nee LI2.1 includes ti• following defindtion.:
..an-. nance. All actions necessary for retalninfý an itm in or 'e-

-orln t, to a specified condition.
.7Zr, The inabi1ity of an itcn to per.%rm .irthithn n'rvious-

I . . n, ct rjry, r.nly.

r:, , n~* I ns



also possible, with great effort, to obtain mission-abort rates;

however, in our use of the 3-M data we developed only the first

three R/M measures.

The 3-M data are coded by numerical work-unit codes (WUCs),

which identify the various parts of the helicopter. This coding

permits one to assemble data by helicopter system. We assembled

data into the following systems: (1) airframe, (2) rotors and

hubs, (3) gear boxes and drives, (4) power plant, (5) instruments,

communication, and navigation, (6) weapon systems (where applic-

able), and (7) total. In many cases the weapon systems are re-

sponsible for relatively few maintenance actions, failures, and

maintenance man-hours; in those cases the data for the weapon

systems shown in the tables are not plotted on the graphs. 3-M

dat• are available for five basic types of Navy helicopters:

the -l, ",-2, H-3, :;-46, and H-53.

1. The H-1

_n able 3 we have combined the data for all the single-

.... ' ";y... in this series except the AH-IG gunship (i.e., the

... ,, ..... - UH-lL, TH-,lL and H-IK models). Since all

e s•'s mode. is 'n -Table 8 are quite similar, we feel that a more

me-n..'.•- fleet average is obtained by combining these types

"-* ` ..... *: considering them individually. Tables 9-l pre-

"" othe: .- I models in :Iavy service: the Ul--lT

-,. -. The Uin-l and A?-!J are twin-enFzine models.

a, (1. .1" nt 1 y a.erent (from the !-I models of

T-,. ," . felt. they should be treated separately. Using

th ' " % tale 8-11, the three R/M measures are plotted for

. ' -']Sin urs 14-25. Figures 14 and 16 in-
'-: *-1!"-1,^ a n d"* :', .' -, .. ,.: and MMi ,/!'? for thiv- UH-I1 /U! i-. 1,/,Iii-I". {/

:--,,, .::- ,,'::->.. , .t.'•- "fairly c tant over the :i, ro od

"ivr n~ di A':e;Ch *Ti';osQl~ ; 1rn.:,'*. . . ........ d "', %hi;i. ";'v t.he .... i ,,, ... , mnl f•I
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helieoptors, the measures of R/M worsened mttrkedl,- over the three

years these helicopters have been in service.1

The t ronds f'or the var'ious comi)unents 'jo not. appear t;o hrf-
r,, sy-ltematica lly fr'om the trends for the total •.ircraft. How-

over, relative to the sritne-engi ie utility helicopter mrodels,

thre'e does appear to be a worsening in R/M characteristics of

th. rrmodels shown separately. In gerieral, the ranking by RiM

char'acteristics is (1) UH-lD/UH•,-lE/UHi-]H/UH-l,/TiH-IL/IIH-iK .best),

(2) Ul-IN, (3) AG-1G, (4) AH-IJ (worst). This ranking As due
maInly to the twin engines of the UH-114 and AII-IJ and the weapon

systems ut' the Ali models.

ih *Irr~ ev04.W W104 1i li,.I 4V',11,,' WdU ,'t, ,,'i'Ii, :i.'r'vt•'e trio thlte (. dat ' .V) tht-ut,
:',t 1.1'4i II, l ~l. r# u -lu~l~l , ) tl'y Woi"' rttil 1+11 tLe4.



Table 8. NAVY 3-M DATA FOR UH-1D, UH-lE, UH-JH, UH-lL,
TH-IL, and HH-1K MODELS

AIRFRAME AIRCRAFT H-1(S MI

YFAP NOS~ ACTIONS MFHUMA FAIL. MTRF MAN-MRS MH/FM

I;140si 8386 1446 S.60 759 11,04 4313 .51
1969 1632? 3986 4.60 1305 14,04 123%6 0j17
1970 323po 7766 4.17 ?27JS 11.76 PA417 R
1971 4SS69 AM5 se5q '4310 11.?? PA66 041
19'?p SIM* 10069 5.30 %Ann 9.0? 14SA10 4

1473 40250 9593 4.7? 6066 7,46 353A6 .*?

Rt)TflHS AND HU*tSIMAIN/TAIL) AIRCkAFT N-I(S)
F1. IGiT mAINT

YFAP HP% ACTIONS MF14~MA FAIL. h4TRF MAN.NPS MHi/FN

19A*4 8390 672 12.47 296 20,31 3379 040I1964 1832P 1044 17.5S ASS 40.?? 34?5 019
1970 323A9 P497 1?.97 1?11 26.75 106012 S',4

1971 01361; 2409 1R.3) 12915 3%.19 12496 OP7I197P S3381 3610 14.79 1AM6 24030 16114081
197-4 45250 3990 11.34 2416 )**473 17948 0

SEAR PkOEES AN!' DRIVES AIRCRAFT H..1(5)
FLI(;MT MA? NT

YFAP MRS ACTIONS MFHBMA FAIL. MTRP MAN-MRS M14/UN
1460 68300 2?? 36.92 126 66.S1 90? 911
1969 1632? 819 22.3? 321 57.06 33P? sim
1970 32389 1472 22.00 %571 S6.7? 74,47 P
1971 &5%65 1374 33.16 599 ?A00? 6604 1
197P 143381 1902 2890? 1073 49.75 AS546
10713 .5?5-0 15S3 29.14 940 46s17 710 01

Pffi0R PLANT AIRCRAFT M-1 (5)
FLIGNI MAYNT

YEAR MR% ACTIONS MFMIMA FAIL. M?*F MAN-NOS MH11UN

160' 83010 '71 17.79 260 3?0?) ?461% .29
1909 iS3?p 1522 12.04 575% 31,66 S740 63
1q70D 32360 3074 10.14 1170 M768 Aw1665 .q 7
107) 4550*% ?949 15.19 1357 331%6 1221%4 OPT
107p %33PI 3606 14.60 P134 14.96 1440,9 fl
1971 4615" 3200 14.14 P14%? 20*.3 124n4 P

(continued on next ode~)



Table 8 (continued)

INSTRUMEN79COMM AND NAy AIRCRAFT MHd (SI
FLIGHT MATNT

YEAR MRq ACTIONS MFHMSA FAIL* M4TSV MAN-Has MH1FH
19014 63S0 16?9 S.16 Rio 10.3S ~ 447 065

1964 183?? 2670 6.383 600 30.13 6900 .34
1970 12349 9174 6.26 224S 14.43 p3314 .72
1971 49969 6373 7.1S 2767 16.47 74717 6154
197P 53361 6630 6.05 37ig 14.36 ?SIAS .47
1973 45290 5149 8.79 2999 15.11 p~ons e53

WEAPON SYSTEMS AIRCRAFT M-l(S) AN
FL.IGHTMAN

YEAR MRS ACTIONS MFNBMA FAIL* mT9F MAN-NOS t44/VM
1966 3680 13 644.62 10 S3*0,0 IK0 .01
1969 163?? 33. 955.21 11 1669.64 044 0#10
1970 123R9 64 906.06 33 961e46 245 .01
1971 49969 1I1 251.74 m9 511.9? %fto 0
197? 53361 128 417.04 7? '4.01~ o
1971 4S?90 10S 430.95 49 933.47 ,A6 $41

*T 0T A L*
FLIGHT MAINT

YEAR MR5 ACTIONS MFMI4MA FAIL. MTSP MAN-MRS MH/PN
196p 6360 4454 1.6s P261 3.71 16531 1.97
1964 1632? 10274 1.76 3279; S099 1180t2 1.74
1974 323R9 20047 1.6? 7969 4.06 A1960 2.93
1971 45%6s 21967 2.11 0417 4004 %4509 look%
147P %3361 2594? 2.06 14776 3.61 101143 1.911
1971 '9290 MOO9 1.92 140,66 3.06 0722? Ros1



Table 9. NAVY 3-M DATA FOR THE UH-1N

#;'LI ril TMA 11,1yf ki A~ fC.T I UNS SfIP HMA PAIL* MTRF MAN-HQS K4H/r94I0( 10000 0 ().00 0 o nlf
0) 0.000 0 'lf00 0) 0.oI7 0 0-.00 0 non 0 m 0 (1 (1jQ71 2 1AP343 #,.Q7 191 10.90 1004 eAR

IQ-?~ I IG74 ~ 4160 3s'0pop A.AO 13641 4

14nT)41 SAN11 H14kc;(f4AIN1/TATL) AIRCRAFT (64-114
V LI (;HT MAIN'T

YFAý' hk% ACTIONS; 9*H4dMA FAIL. 'AT4F MAN-HOS MH/WH
101An 0 0.600 0 fl.l 0 0.0ICIQn 0 0.00 0 nloo 01710 0 0.00 0 n90.00 0 0.001-471 ?1P4? 44*10 77 77.11 146 or)?

147'- 9qII S 17.99 ?46 4ftP9 1113 .1114 7 * 1 S 7,4n 141)0 11)G P S 4# 6 s.9 394A sp

'a, o iwAF A.-dF) r)jvIs AIRCRAFT UH-IN
FL IGH;T P4AINJTYFW HP ACTIONS MFHg8MA FAIL* MTb4F MAN-HOS M.4/rgI N4m0 0.00 A 0.00 0 0.00flI 0 0.000 0 0$00 0 fleflo0?'ý (10 0000 0 0.000 0 n0 f00

1 1 ? 911J19 31*07 190 57.16 9 *44 o

I- L. I rv4 AINJT
YFA 4 14 4 A T IU N S NIP HHMA FAIL. MYRF MAN-HOS MH/rH
100n 0 0.00 0 no.fl 0 fleftoIl 0jý )1 0.00 0 n.00 0 041101 1 10 0.00 0 0.00 0 A a 001, 1 ioi 4f) 0 4 G) %4 1IO.N? 619 .10I f 17 441 vi1 1110 Al 64 s 1%017 71 fig 6721)1 1%?qq 6.94be3 14714 10.7? 14447 gal

(contioiued on nexct pdgd)

r>1



Table 9 (continued)

1rYjITp4it.NTqC~)mm AN) NAY A!54CbAFT UH-IN
rL I(i,4T MA! NT

vkl HRq ACTIUNS hMF~dA FAIL, MY41F MAN-g4QS mH/WI

1h40 0 0.flo 0 0.00 0 0.000
14 0 C 0 0.00) 0 01.00 0 0.000
4110 0 0.00 0 0.00 0 q$.00

WVAOUNJ SYSTFMi'; AIRCR4AFT UN-IN
I;Ll(-'tT MAINT

MN6 H4 ACTIUNS P4FHHMA FAIL. MT4F MAN-HOS MH/rH4
0 00.00 0 0.00 0 0.00

I i,. 0 0.00 0 o '00 0 0.00l
0qm 0 01,00 0 0.00 0 0.000

jQ1 21?2 1041.00 1 20AP100 s .000
4'; 9911 46 ?1b*46 16 619.44 %9 $()1

1971 'IS79O 21 751.90 7 22S%.71 144 .00

4A * T 0 T 4
P L I GT mAINT

Y F~t 0414 ACTIJUNS mF 0.$MA F A IL. MTAF MAN.NRS MH./tI4
1 s'n 0 0.00 0 n ,00 0 0.010

1QAQ 0 0.00 0 nonol 0 0.00
1117m 0 0 0.00 0 0.00 0 0.000

I' ?1 0H ?S 2.19 49) '6 2716 1011
147P 'Y911 'id36 1.70 14E7 14023 719PA 6?
14J71 lbP'0 11377 1.3Q 6143 P .%S 454A PR



Table 10. NAVY 3-M DATA FOR THE AH-IG

AT A~' ME~* AIRCRtAFT AW-iG
FL.. I iTMA TNT

y F A qw%. AC TT UPIS 4,F'QHtA FAIL* MRF MAN-NOS M14/Ub1 f 0 0.30 0 0t.00 0 0.n00
0 4s.P00o 0 0*0O 0 00

r0 0.00 0 0.00 0 ft.00
F~y [Q4 42 9012 2A 1106~8 1n9 ,P

-7> 1714 ek4I 1%2 9 7o64 12m? 499

407144; UNj) HU4Q(HA1Pj/~TATL) AIR~CRAFT AW-)G
FL! C;MTmAIN~T

NiJfi b~ ACTIUNS MFMt-tMA FAYL9 'TS4F PMAN.4OS MH./rI4
IQ An0 (0.00 0 n.00 0 0.000

I IA 0 0.000 0 0 . CI 0 (1* 0 0
IQ7" 0 00.00 0 0100 0 0.000

Iq71 111 1 34e 7 54 0 71 ;19 et
In?;, 1714 62 190SA 34 30;,71 *14S
Iq7,% 13 04 Q 1 14.9? 64 21,PA 41%3 910

F A P) A' t A1111041V F.S ATRCWAFr Ab4-IG
WL I G MAINT

yFr V) W A CTrIU fJ S %dFb4$mA FAIL. MTRF MAN-MRDS Mg4/IVH
In0 0 0.00 0 0.,00 0 0.000

IQ . 0 00 (0.00 0 40.00

143 W 0 19s4 4 3% 51. 01I

04;wPL-ANTATCAF -J
I-CWT mA I sT

YFA~j HWP; ACT!Ot#S 04F~P4mA FAIL. mTAF MAN-MOS MH41M
1QIt Qs( 0 O0.0 0 0.000 0 (0.00

14,3n 0 no.00 0 0.000 0 0600
14I %10 0.00 0 0000 0 0.000

1471 '914 s ? fj0 h S ?A.A 0 7 0

(continued on next page)



Table 10 (continued)

!~~t~~NTcq4MAND NAv' AIIRCP~AFT Ai4-IG
FLIc(IHT aAIhIT

YFP PS ACTIONS A4F HeMA FATL. %IyRP MAN.-HOS MN/r;4
lQINq f 0 0.000 0 0.30 0 o0.0
VnAn 0 0.000 0 nan0 0 A1
19''% 0 0.000 0 0.00o 0 0.000
1471 IM1 4.3 R.9 11 aR7 166

Q71 1214 20 6.07 9A 1?039 ?P? *A

WPAg'tI SYSTFfiS AYRC9kAFT AN-IG
FL. I r;HT MAINT

YFA(J HW4R ACTIONS, OFHtMA FAIL. mTi4F MANmNQS 4WC
1 ok( 0 0.1)0 0 n.00 0 Deno

)QA0 0.000 0 flo ~ 0.00
lQ7- 0 U41,10 0 (0.00 0 (10
1C)7t 9 2 l19150 1 3RI900 4 -01

jq71 136? "6 24.32 16 AA.12 1A6 .12

T 0 T A I
FLIGHNT MATNT

YFA'O HkiH AC1!WU'S mFH04MA FAII., ayIJF MAN-MOS MH/314
I Q 4A A 0 0660 0 'ý. A 0 0 0.00o
I QOQ nl 0 0000 0 P.00 0 40.00

47f,0 0.000 0 0.00 0 010
IQ71 3~41 115 3.-33 69 5.55s Up6 94

1?-) ip4 ?02 1*?3 369 14.29 29,4 P4
7 19 12.49 1.10 6047 P 004 3640 P?



Table 11. NAVY 3-M DATA FOR THE AH-IJ

1LIflNT mATbJY
YFA(N H.RS ACTIUNS MPHOU4 FAIL. MtAF MAN-HOS mm/cmI.

IQAn 0 0.00 A A,00 0 0.000
1QA(n n 0 0.00 0 f0.00 0 4.0014h7n 11 13 1.00 ? 1006 P)

227 ~ 1h 16490g 403 %04 ?1197
4 7P 305AS 14; 40f 418 ItA 201on9

1 7 ?4 44&,2 104? 2400 ;0.72 11348 1.74

01T00o4; iANfl .tU~c4AIN#TATL) AINCRArT AN-tJ
FLIGHT 4AtNT

Nro) W ACTIONS MF4dMA FAIL. WTIRF MAN-HOS M*4VNw
1440 0.00 0 01,00 0 0.00

14o(1 0 00300 0 0.00 0 (0.00I Q~ ?n1- 0 0000 0 0.00 0 0.000
IQ?)71~ 137 16,16 91 13405 ?119 01I (,%; 3hH5 0S ' IS6A I4b i~s0 4 12A01 5

be7- 624 M73 7.47 410 1s.91 44 4

,W~ Aw A0E" A'.) OIW~VF. ATRC"4APT A.4mJJ
F L I4rT M4AI myYFh' A i H1% ACTIONS MF H04 4A FAIL. MYFI MAN-MRS MH4/0r,
144q0 0.00 0 0l.00 0 0.00

I1u 1 0 0.00 ft 0.00 0 0.000
JQ1' 1 13ol0 0 0.00 2 015

jQ'71 2?1A "'9 32.12 41 54.05 343 *I's
jt; 3,4s17 23e47 100 36.45 1140 GX

14- S4hQ5 Q*39 419 1%021 3600 .57

P - *L A NT ATk4CRAFy AN-Ij
L LI roo4T MAI'jTYFi P0% ACrTiONS 4F ML44A F 4T L. 4t4F MAN-NO~S MHb/IrN

n0 0.00 0 0600 o o*11o
0 0.00 0 ".00 0 0.00

19711 11 9 1.44 6 Pei? 9 9

197;) 3f 4 , .9 9.24 205 12,Q3 28ft1 .76
I~7 r,,)4 ~109 3.00 1306 2;0 (0 9047 11

(continued on next page)



Table I11 (continued)

tN';7m'imNTCrjmk ANU NAy AIR~CRAry A14.1j
P L I C;pNT w4AIbT

YrAi H~ ACTIUNS 00 HhMA F AYTL. M9TF MANmNDS MN/g14
1~0 0. 00 0 0.n0 0 t).00

0 0.00p n 0.00 0 neflo
471 11 10 1.30 4 I'p2S 14 long

ION1 6310 6:104 4*3`5 ý49 .Q'4 121 f S
147> 101%0MS ?1Y 'So13 414 3 0"062 3593Ql

1,74 bl-?4 P 02 2 a.9ki IASI 40PO 6104 0915

4; 400jNI %%Y'%TFmr ATR.Ck'AFT Ahwmjj
9 LIGii'T MAINT

YF'In 04MS AC T I NS MFm~1mA PAIL. m~yqF 04AN-HOS 44/TH
;O p0 0600 0 ý'Ao 0 000019041 '1 0 0.00 0 F) .00 0 0.0(0

1,371 )1 1 13.00 0 t1.00 I ro
1(471 42?I 1%'4 23.57 3? SQA9 2 1;6 117 6%1 A3 20s.14 Re; 414* i 70% 1

V~1 6'?4 1U4i8 6.23 r,4 7 11.93 2940 04S

T 0 r ( A g

YFAP PIPS ACTIONS '4F M04MA F AI L. YRF MAN-N4OS MH~/rN
1,0' 0 0.00 M .00 0 0.000

0 0.00 0 (1,0o 0 0 0.n00
13 34 0 3# 17 eTA 4? 30'?

111 6 10111 1017 1033 15l 7 a ? *jq7.ý ,3A.o~ ?4i5 1051 141? ;.P, A 11272 10 fl
141 IS 4 1 1369 57i 0%14S 1.6 37400 Ss.7%
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2. The H-2

The U.S. Navy is the only operator of the H-2. A total of

190 of them were built--each with a single T-58 engine. Eighty-
eighL were UH-2A aircraft and 102 were UH-2B aircraft, which dif-

fei, d only in the non 4 nstallation of certain electronic naviga-

tion equipment. Starting in 1967, the survivors of these 190

aircraft were all converted to twin T-58 engines and were re-

designated as the UH-2C, HH-2C, HH-2D, SH-2D, and S1I-2F. We

first segregated the 3-M data for the H-2's into three groups:

(1) the UH-2A and UH-2B; (2) the UH-2C, HH-2C, and HH-2D; and
(3) the SH-2D and SH-2F. However, the three R/M measures for

these three groups were all quite similar in total and by com-
ponent, both in levels of R/M and in trends over time. Accord-
ingly, in Table 12 and Figures 26-28, we have aggregated data
for all the H-2 aircraft. Figures 26 and 27 indicate that MTBMA

and MT.BF have both worsened somewhat over time, while Figure 28

indicates that MMH/FH has remained approximately constant. The
trends for the various components do not appear to differ syste-

matically from the trends for the total aircraft.

Compared with the other Navy helicopter types, the H-2 R/M
characteristics are poor, particularly relative to the H-1 air-

craft, which are approximately the same size. There are probably

several causes contributing to this result:

"* The H-2 has generally been operated in de-
tachments of one or a few aircraft. Economies
of scale have thus been lacking in their opera-
ting environment.

"* Fewer H-2 aircraft than any of the other types
were built. Accordingly, the economic incentives
to introduce product improvements have not been
as great as for the other types.

"* Insofar as years of experience and production
quantities are concerned, Kaman is somewhat, be-
hind the other manufacturers.
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Table 12. NAVY 3-M DATA FOR ALL H-2 MODELS
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(continued on next page)
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1. INTRODUCTION

Helicopters have consistently exhibited relatively high
unscheduled maintenance requirements because of the great
percentage of high reliability risk and high-cost compon-

ents needed for the helicopters unique performance capabil-
ities. This tendency towards high maintenance requirements
has generated concurrence among both the contractor and
customer that improved reliability must be achieved without
a long and expensive period of in-service product improve-
ment. High initia reliability can be achieved only through
a well-executed anal~ytical design approach and an enthusias-
tic and well-controlLled developmental testing effort.

The primary reliability effort in the design stage is the
analysis and evaluation of the aircraft design and develop-
ment of Reliability Predictions. Recent work has shown that
a point estimate of aircraft or component reliability is
meaningless unless accompanied by a quantification of the
time in the components maturity (development) cycle for
which the estimate is relevant.

Reliability growth prediction techniques have been employed
to estimate the number of developmentai test hours required
to achieve a desired level of reliability with increased
confidence in the technology.

however, since reliability continues to be improved by the
Product Improvement process throughout most of the in-
production life of a helicopter, it is necessury to under-
stand this growth process. The magnitude and the factors
affecting this growth process must be determined and quanti-
fied if future aircraft programs are to be optimized.
Development costs and O&M costs must be viewed as intimately
related to reliability. The key to minimum total system
costs is the understanding of the reliability growth process
through the development and operational phases.
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Table 12 (continued)
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3. The H-3

Most H-3 aircraft in Navy service are SH-3 aircraft (anti-

submarine-warfare helicopters)--mainly SH-3A, SH-3G, SH-3D, and

SH-3H aircraft. Table 13 presents 3-M data for all H-3 models;

the three R/M measures are plotted in Figures 29-31. Relative

p to 1968, all three measures improved markedly in 1969; but after

1969 they worsened considerably, until they were worse in 1973

than they were in 1968. The trends for the various components

do not appear to differ systematically from the trends for the

total aircraft.
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Table 13. NAVY 3-M DATA FOR ALL H-3 MODELS
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Table 13 (continued)
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4. The H-46

i iMost H-146 aircraft in Navy service are CH-46 aircraft (cargo

helicopters)--mainly CH-46A, Ctt-46D, and CH-46F aircraft.

Table 14 presents 3-M data for all H-46 models; the three R/M

measures are plotted in Figures 32-34. The R/M measures show
the same general pattern as those of the H-3 aircraft; relative
to 1968, all three measures improved markedly in 1969; but after

1969 they worsened considerably, until they were worse in 1973
than they were in 1968. The trends for the various components

do not appear to differ systematically from the trends for the

total aircraft.
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Table 14. NAVY 3-M DATA FOR ALL H-46 MODELS
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Table 14 (continued)
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5. The H-53

* iMost H-53 aircraft in Navy service are CH-53 aircraft
(cargo helicopters)--mainly CH-53A and CH-53D aircraft. Table 15

presents 3-M data for all CH-53 models; the three R/M measures
are plotted in Figures 35-37. Table 15 includes R/M measures

* for CH-53 weapon systems. Howevw", since the weapon systems

accounted for such a small portion of the total R/M activity,
the weapon system data points in most cases did not fall on the
R/M scales used in Figures 35-37 and therefore were not plotted

on these figures. All three measures show a generally worsening

trend over the 1968-73 period. There does not appear to be any
systematic difference in the MTBMA and MTBF trends for the various
components from the trends for the total aircraft. However, the
MMH/FH trends indicate an improvement in power-plant MMH/FH, while

the MMH/FH trends for the other components worsened.
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Table 15. NAVY 3-M4 DATA FOR ALL H-53 MODELS
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(continued on next page)
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Table 15 (continued)
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Reproduced from
becst availa6le copy.
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6. General Trends

The time trends of Figures 14-37 indicate that the R/M

measures worsened over time in 21 of the 24 cases. In the other

three cases,' the R/M measures remained approximately coinstant.

Llnfortunately, for all five basic types of helicopters the year

of introduction into Navy inventory was before 1968. Hence, we

cannot say definitely what the trend in R/M measures is from

year of first introduction into service. However, mishap rates

from the Naval Safety Center, are available from time of intro-

duA.tion for all the Navy helicopters (see Table 17, in Ch. II,

below). The Naval Safety Center data show a general worsening

in mishap rates from time of introduction into the Navy inventory.

Hence, It is probable that the three R/M measures worsen--or, at

best, stay constant--from time of introduction into the inventory.

Evidently, the aing of the fleet that occurs over time outweighs

the beneficial effects of product improvements and results in an

overall worsening of R/iM measures during the service life of the

aircraft.

C. AIR FORCE 66-1 DATA

Attempts at reading the AFM 66-1 data tapes containing

failure, maintenance action, and man-hour counts covering Air

Force helicopters were unsuccessful. The main obstacle encoun-

tered was Eetting a complete count of fail-ures, maintenance

actions, and expended man-hours from the tapes supplied us by

the Air Force. For example, for the UH-lN aircraft our count

of failures for the fourth quarter of 1973 (taken from the tapes)

fell approximately 35 percent short of the count given in a sam-

ple of hard-copy output supplied by the Air Force. This hard-

copy sample is a portion of the official report compiled and

supplieO to all commands by the Air Force Logistics Command,
1P1TBMA and P1UV/FH for the UH-lD/IRI-lE/U}i-IH/UH-L/TH-lIL/HI-lIK models, and

1MMV/FH for the H-2.
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Wright-Patterson AFB, Ohio. Although ACVMM is the group offi-

cially designated as responsible for preparing these reports, no

long-term historical record of the data in reference is main-

tained--hence our requirement to read the original tapes.

According to the definition of a failure and the construc-

tion of the first tape record (which covers all work done "on"

! • aircraft as opposed to work done on components removed from air-

craft), the ccunt of failures taken from the record should exceed

the correct count. The downward adjustment indicated should come

from "off" equipment records (shop work), wherein an item could

be inspected and found not to be in a failed state--thus reducing

the initial count of failures. Our attempt at reading this first

record for the UH-lN (fourth quarter of 1973) produced the con-

trary result, an approximately 35-percent shortage of failures.

Consultation by telephone with Mr. Bill Harrison (ACVMM,

Wright-Patterson AFB, Ohio), supplier of the tapes, confirmed

that the definition we were using was correct and should have

produced results corresponding to the sample copy. The diffi-

culty appeared to flow from unidentifiable codes in the columns

that are intended to indicate the type of aircraft to which a

particular record entry applies. Mr. Harrison was not able to

help in this matter. Accordingly, after expenditure of con-

siderable time and effort, we decided that the remaining time

for the study could be more fruitfully spent in other areas,

and we abandoned the effort to obtain valid 66-1 data from the

Air Force tapes.

Using maintenance data reported under the AFM 66-1 system,

the Air Force publishes information on maintenance man-hour re-

quirements for various types of equipment. Since these docu-

ments are reissued periodically, they should show trends in hell-

copter maintenance man-hours over calendar time. Table 16

presents Air Force MMH/FH for organizational and field main-

tenance. These figures reflect maintenance of the complete
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aircraft (including communications, armament, and electronics
* equipment). The basic helicopter types shown in the table may

include several different models; for example, the Air Force has
procur~ed several different models of the H-1 series. Table 16
includes all revisions of thr.se data published from October 1955

Sthrough August 1974.

Table 16. AIR FORCE MMH/FH FOR ORGANIZATIONAL AND FIELD
MAINTENANCEB -.

I ~Heli-

copter Oct. Dec. Sep. Jan. Oct. Oct. Mar. May Feb.Type 1955 1956 1962 1963 1965 1966 1967 1969 1973

H-18 11.7 --..

• i C• H-5 7.9 8.6 --

( • H-23 13.3 14.5 .. .. .... ..
H-13 11.6 12.6 6.3 6.3 5 5 5 5
H-19 11.6 20.7 11.5 11.5 13 13 13 13 --

H-21 13.2 24.5 16.8 16.8 14 17 17 21 21
H-43 .. .. 14.7 14.7 13 13 13 10 12
H-i .. .. .. 10.0 8 10 8 10 10

H-3 .. .. .. 20.3 15 17 17 17 22
H-34 .. .. .. .. 14 14 14 14 21
H-53 .. .. .. .. .. 17 17 22
H-47 .. .. .. .. .. .. 17 10

Source: 1955-63: Reference [13].
1965-73: Reference [14].

The September 1962 and January 1963 publications gave two
sets of figures for the H-19 and H-21: one for monthly flight-
hours (for the detachment) less than 300 and one for monthly
flight-hours greater than 300. In each of those four cases,
averages of the two figures are presented in Table 16. Three
types (H-13, H-43, and H-47) show improvement in MMH/F1! over

time; seven types (H-5, H-23, H-19, H-21, H-3, H-34, and H-53)
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show a worsening (increase in MMH/FH), and one type (H-i) was

essentially constant. Hence these data indicate that, in
general, MMH/FH tend to worsen over time.
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$ Chapter II

SrRVICE MISHAP RATES

All three Services maintain reporting systems for aircraft
"mishaps." These reporting systems are all similar in concept

but differ in detail among the Services. There are different

categories of mishaps, but in general they cover all incidents

of a dangerous or potentially dangerous character--from minor

incidents (such as precautionary landings) through major acci-

dents, in which the aircraft is heavily damaged or lost. The

cause of the accident is also reported; there are a number of

cause categories, and more than one may be involved in a single

mishap. For example, if a transmission warning-light indicates

an incipient transmission failure and the pilot damages the

landing gear in making an emergency landing, that mishap may

show both "Materiel Failure" and "Pilot Error" as having contrib-

uted to the accident.

A. REPORTING SYSTEMS AND AVAILABLE DATA

Each Service's reporting system and available data are dis-

cussed separately below.

1. Army

.,. 'rmy mishap data is reported by the U.S. Army Agency

for Aviation Safety (USAAAVS), Fort Rucker, Alabama. The re-

porting starts with the introduction of the aircraft into regular

service use; the test period prior to service use is not covered.

In addition to the Mishap Summary, USAAAVS publishes "Flight Fax,"

which reports all accidents and precautionary landings. However,
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the data making up "Flight Fax" must be reported electronically

to USAAAVS within eight hours of the occurrence. For this rea-

son, USAAAVS personnel felt that the Mishap Summary was more

reliable and would be best for our purposes.

In the Army reporting system, mishaps are categorized as

total losses, majrr accidents, minor accidents, incidents,

forced landings, and precautionary landings. The difference

between major and minor accidents and between minor accidents

and incidents is established for each aircraft type by the number

of man-hours required to repair.

The Army reporting system includes the following summary

"Cause Factors":

Personnel
Flight Crew
Ground Crew
Supervisory

Environmental
Facilities
C ommand
Training

,mlaterielI
Failure/Malfunction
:.Iaintenance
Des ign

Weathe r.

As already noted, it is possible that a single mishap may in-
volve more than one caust factor--which is true even within the
maJor cause-factor categories. For example, a mishap involving

materiel may be charged to more than one of the three subfactors

under materiel.

For each helicopter type, we received mishap data from

USAAAVS for the active Army worldwide inventory; these data ex-

clude mishaps caused by combat. The Army indicated that its

'The Army and Air Force use this spelling; the Navy uses "Material." In
this report we use "rMateriel" throughout.
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mishap data before FY 1968 were less reliable and advised against

our using them. Accordingly, the data reported herein cover the

six FYs 1968-73. For each helicopter type, we assembled the fol-

lowing data by fiscal year:

* Number of flight-hours

* Number of accidents (total of total losses--
both major and minor accidents):

* Materiel failure
* Total.

i Number of mishaps (total of three accident types:
incidents., forced landings, and precautionary
landings):

• Materiel failure
* Total.

Using these data, we calculated mishap rates per 10,000 flight-

hours (Table 17) and plotted the four mishap rates versus fiscal

year (Figure 38a-g). In some cases when a helicopter was enter-

ing or being phased out of service and the mishap rates were not

meaningful, the data for those years were not included in our

tables or figures.

Mishap rates involving materiel were shown, because they

should reflect reliability growth, if any, in the helicopter

fleet being achieved through design or process improvement. The

mishap rates were plotted on semi-log paper, so that equal rates

of change would be parallel at any location on the paper. 1  For

both accIdent rates and :otal mishap rates, the change in rates

involving materiel •-eneýirally followel the total rates. In most

cases, surorisin rl:;, "he rates for all mishaps tended to in-

crease over t':,, ..- iie the accident rates either decreased or

r',_mained approximately constant over time. In discussing these

results, USAAV2 personnel offered the following probable reasons

for these two trends.

13Since log paper does not go to 0.0, a zero accident rate (whenever it
occurred) was plotted at the bottom of thle mishap-rate scale.
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(1) S(erious problems causing acci(dents tend to be cor-
rected first (thus reducing the accident rate),
while minor problems receive less attention.

(2) WIth the deccleratlion of the Vietnam conflict, less
mission pressure encouraged pilots to make pre-
cautionary landings in order to reduce the possi-
bility of accidents.

(3) Though the development of better fault-warning
systems has increased precautionary landings and
other incidents, it has reduced accidents.

(4) Progressively more mishaps occur as the fleet ages,
much as is the case with old automobiles.

Hence, though there appears to be either approximately constant

or increasing reliability Insofar as accidents are concerned,

there appears to be a deterioration in reliability insofar as

all mishaps (both those involving materiel and total) are con-

cerned.

2. Navy

Navy mishap data are reported by the Naval Safety Center

(NSC), Norfolk, Virginia. The reporting starts with the testing

of the aircraft at the Naval Air Test Center, Patuxent River.

However, the data we obtained for helicopters during this period

appeared unreliable, and only data for regular Service use

appeared usable for our purposes. In the Navy reporting systems,

mishaps are broken down as follows:

Major Accident - Involves loss or substantial damage
to aircraft.

Minor Accident - Minor or limited damage.

Incident - Very minor damage or no damage (e.g.,
an engine failure followed by a suc-
cessful autorotative landing, or an
abort following main engine start).

Ground Accident - No intent to fly (includes injuries
to maintenance personnel during
maintenance).

The difference between major and minor accidents is established

for each aircraft type by the number of man-hours required to
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repair; heavy damage to a major component (which may noL take

many man-hours to replace is also considered as . major acci-

P | dent.

The Navy reporting system includes the following "Contrib-

uting Causes":

* Pilot

Other Personnel

Materiel
Failure or Malfunction
Design
Maintenance-Personnel-Induced
P ilot-Induced

Weat her

Airport Facility

Carrier/LPH Facility.

There are a iumber of other contributing causes, in addition to

those listed above. Howkever, the great majority of mishaps in-

volve the first three categories above (including the subcate--

~or~les under "Materiel"). As with the Army, it is possible that

a sinigle mishap may involve more than one cause.

Fo;r each helicopter type now in Navy service, we received

mishap data from the fiscal year of introduction into service

t hroug, FY 1973 for' the Navy worldwide inventory; the Navy ex-

cluded mishaps caused by combat in these data. For each heli-

copter type, we asset.rled the fcllowing- data by fiscal year:

"* Number of flight-hours.

"* Number of major accidents:

e lnvolving pilot error
9 Involving other personnel error
* Involving materiel failure
0 Tota2.

* Number of minor accidents or incidents:

* Involving pilot error
o Involving other personnel error
* Involving materiel failure
* Total.
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* Ground Accidents:

* Involving pilot error
9 Involving other personnel error
* Involving materiel failure
* Total.

* Total mishaps:

* Involving pilot error
* Involving other personnel error
* Involving materiel failure
* Total.

Although the present Navy system reports minor accidents sepa-

rately from incidents, prior to FY 1968 the two were reported

as a single category. For this reason, in order to have a

consistent time series we have combined them, since all Navy

helicopter types presently in service were in the inventory be-

fore F' 1968. Using these data, we calculated mishap rates per

10,000 flight-hours (Table 18). In general, there are some-

what fewer major accidents than ground accidents, while the

great majority of mishaps involve minor accidents or incidents.

However, even though major accidents account for the fewest

mishaps of the three categories, they are probably the most im-

portant in terms of total cost (both in materiel loss and in
injuries and fatalities). Major accident rates (involving ma-

teriel and total) and all mishaps (involving materiel and total)
were plotted versus fiscal year (Figures 39a-e). In some cases

when a helicopter was entering service and the mishap rates were

not meaningful, the data for those years were not included in
our tables or figures.

The general pattern of the Navy mishap rates is similar to

that for the Army. In general, the accident rates either de-

creased or remained approximately constant over time while the

total mishap rates increased. Personnel at NSC felt that the

quality and attitude of maintenance personnel were also factors

in the worsening mishap rate. They indicated that (1) the better

maintenance personnel are assigned to the newer aircraft types
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and (2) their degree of eagerness decreases with the age of the

the aircraft. Figures 40-44 were taken directly from a NSC

memorandum; on these plots the rate scale (per, 10,000 flight-

hours) is linear. They show by system the breakdown of materiel-

caused mishaps. Although there is considerable crossing over of

the system rates, in general the system rates tend to move with

the overall materiel rate. The overall materiel rate in the top

panel of these plots corresponds to the mishap rate involving

materiel of Figure 39.

3. Air Force

The Air Force Logistics Command, ACVMM, Wright-Patterson

AFB, Ohio, supplied IDA with tapes covering Accident, Incident

and Emergency Unsatisfactory Material Report (AIE) data. Per

our request, we were to have been provided these data coveiring

calendar years 1970-73. Upon reading the tapes supplied us,

we learned that no data were included for 1970 and 1972--and

only part-year coverage for 1971 and 1973. Consequently, the

information contained in the tapes provided was not sufficient

to construct AIE time trends.

B. EFFECT OF HELICOPTER EMPTY WEIGHT

Since large helicopters have more parts that could fail or

malfunction, one could hypothesize that large helicopters would

have more accidents or mishaps than small helicopters. Accord-

ingly, we felt it would be of interest to investigate mishap

rates as a function of empty weight.

Figures 38-44 indicate that mishap rates vary sharply from

year to year. Accordingly, in investigating the effect of heli-

copter weight on mishap rates, we have usel the average mishap

rates for the last three fiscal years (FYs 1971-73).
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Helicopter weights within a family of helicopters (such as

the Bell H-i family) vary by individual model. Further, the

composition of a Service's fleet is constantly changing as later

models are procured and earlier models are retired. In Tables

191 and 20, we have estimated average empty weight for each

helicopter family and shown the average mishap rates for the

past three years. These data are plotted in Figures 45 and 46.

These plots indicate that accident rates seem to be independent

of aircraft weight, while all mishaps (both those involving

materiel and total) seem to increase with size.

Of course, there are many other factors that can affect

these rates. The type of mission, age of the fleet, geographical

environment, etc., can be particularly imporLant in accident

rates.

[The CH-37 was dropped from the Army helicopter types, since it was the

only piston-powered Army helicopter and was being phased out of service
during this period.
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Table 19, AVERAGE MISHAP RATES FOR ARMY HELICOPTERS, FYs 1971-73

i( [Per 10,000 flight-hours]

Heli- Average Accidents Mishaps
copter Empty Materiel Materiel

Type Weight Failure Total Failure Total

UH-1 4,700 0.4 1.0 8.6 12.1
AH-l 5,300 1.1 2.4 15.2 20.9

OH-6 1,200 2.1 4.0 7.2 14.9

CH-47 19,400 0.6 0.7 17.7 22.2

CH-54 19,200 0.7 1.6 18.4 25.8

OH-58 1,500 0.5 1.4 7.1 12.1

Table 20. AVERAGE MISHAP RATES FOR NAVY HELICOPTERS, FYs 1971-73

[Per 10,000 flight-hours]

Heli- Average Accidents Mishaps
copter Empty Materiel Materiel
Type Weight Fai Iure Total Fai lure Total

H-1 5,000 0.5 6.8 14.7 24.5
H-2 7,300 0.8 1.4 43.1 69.4
H-3 11,800 0.4 1.1 36.5 57.1
H-46 13,200 0.2 0.8 19.4 35.1

H-53 23,200 0.8 1.6 46.3 70.6
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Chapter III

ANALYSIS OF AH-56A (CHEYENNE) RELIABILITY IMPROVEMENT

The AH-56A was a high-speed compound helicopter that was

based on very advanced rotary-wing technology. It was flown
in a development program that lasted almost five years before
the helicopter was canceled without ever reaching service use.

Helicopter programs normally require about three years from
first flight to service use. Accordingly, it is possible that

the reliability growth of the AH-56A may not have been repre-

sentative of programs that successfully enter service use after
about three years. Compared with the other development programs
for which data are available, it appears that AH-56A reliability
growth may have been somewhat slower than that of "successful"

development programs.

A. TOTAL SYSTEM

The data used in this analysis of AF-56A reliability

improvement come from the "Deducted Item Failure List" and the
"Residual Item Failure List" (Ref. [14, Vol. III, Appendixes D

and F, resp.]). This Lockheed report divides the AH-56A air-
craft into six basic categories, identified as Modes 1 through

6 (Ref. [14, Vol. III, pp. v-vi]), as follows:

Mode 1: Airframe
Landing gear
Power plant
Power transmission
Rotors and propellers
Hydraulic power
Fuel systems
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Flight controls
Utilities (mechanical)
Auxiliary power plant

Mode 2: Instruments
Electrical power system
Special instrumentations and displays
Utilities (electrical)
Fault location and warning system

Mode 3: Communications

Mode 4: Navigation system
Intercom
Swiveling gunner's station
Pilot's fire control
Stores control

Mode 5: Computer central complex

Mode 6: Gun and associated systems
Rockets and associated systems
Missiles and associated systems

By grouping the system codes contained in a table [ibid., pp.

ix-xi], we were able to further subdivide Mode 1 into the

following categories:

Mode la: Airframe components
Landing gear
Hydraulic power
Fuel systems
Flight controls
Utilities (mechanical)

Mode lb: Rotors ani propellers

Mode lc: Gear boxes and drives

Mode ld: Power plant
Auxiliary power plant

The monthly flight-hour data (supplied to us by Lockheed

and presented in Table 21) covers 52 months of flight testing,

which began in September 1967 and continued through December

1971. We have counted only those failures that occurred during

this period on aircraft that were being fligh' tested. Aircraft

serial number 1001 (a Ground Test Vehicle) was never flown.

Similarly, ai;7craft serial number 1004 (used by Lockheed to

conduct maintenance training and verification) was never flown.
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Table 21. MONTHLY AND CUMULATIVE FLIGHT-HOURS
FOR THE AH-56A (CHEYENNE)

Flight-Hours Flight-Hours

Month Monthly Cumulative Month Monthly Cumulative

9/67 1.4 1.4 11/69 12.3 535.6

10/67 3.3 4.7 12/69 26.0 561.6

11/67 5.1 9.8 1/70 7.2 568.8

12/67 8.2 18.0 2/70 21.2 590.0

1/68 22.2 40.2 3/70 28.1 618.1

2/68 14.2 54.4 4/70 39.3 657.4

31'68 5.5 59.9 5/70 25.7 683.1

4/68 20.6 80.5 6/70 25.0 708.1

5/68 3.4 83.9 7/70 15.0 723.1

"6/68 28.9 112.8 8/70 30.2 753.3

7/68 28.3 141.1 9/70 32.8 786.1

8/68 10.5 151.6 10/70 16.7 802.8

9/68 4.1 155.7 11/70 31.8 834.6

10/68 16.7 172.4 12/70 45.7 880.3

11/68 46.8 219.2 1/71 49.5 929.8

12/68 48.4 267.6 2/71 28.2 958.0

1/69 61.3 328.9 3/71 22.6 980.6

2/69 78.6 407.5 4/71 46.4 1,027.0

3/69 34.8 442.3 5/71 23.5 1,050.5

4/69 0.0 442.3 6/71 40.8 1,091.3

5/69 0.9 443.2 7/71 36.8 1,128.1

6/69 4.9 448.1 8/71 36.9 1,165.0

7/69 9.7 457.8 9/71 63.7 1,228.7

8/69 7.0 464.8 10/71 52.5 1,281.2

9/69 31.5 496.3 11/71 72.5 1,353.7

10/69 27.0 523.3 12/71 72.3 1 ,426.0
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We have excluded all failures that occurred on hese two vehi-

cles. Also, we have excluded all failures t>!2t jocurred before

flight testing began in September 1967. Thu-,, ne data in

Table 22 show a total of 1,553 failures from September 1967

through December 1971, which compares with a total of 1,770

primary failures reported by Lockheed [14, Vol. I, p. xii]. The

difference in the failure count is due to failures on serial

numbers 1001 and 1004, which Lockheed counted but we did not.

It is to be noted that we have combined the deducted failures

and the residual failures into a single list, to obtain a total

failure count for each month of flight testing.

1. Contractual Reliability Goals and Measurement Procedures

For the purpose of standardizing the measurement of mission

reliability, the CHEYENNE reliability goals were based on the

long-.ndurance (2.5-hour) escort mission. It consists of the

following sequence of events:

(1) Take-off.

(2) Hover (2 minutes).

(3) Cruise (195 knots for 30 minutes, at not more than
normal rated power).

(4) Hover (10 minutes).

(5) Dash (212±4 knots for 15 minutes).

(6) Cruise (140 knots for 90 minutes).

(7) Hover (2 minutes).

(8) Land.

All mission- and system-reliability requirements were established

with this long-range mission as a base [ibid., p. 11. The reli-

ability goals stated in terms of this mission were--

(1) Mission Reliability. Ninety-four (94) percent mission
reliability, exclusive of the armament subsystems, to
be demonstrated at the 90-percent confidence level
(see Paragraph 7.4.4.2, Appendix A, below).

(2) System Reliability. Seventy-nine (79) pe-cent system
reliability, exclusive of the armament subsystems, to
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be demonstrated at the 90-percent conl~iaence level
(see Paragraph 7.4.5.2, Appendix A, below; and Ref.
[14, Vol. III, p. H-2]).

Procedures used by Lockheed to determine the failure count

and to measure mission and system reliability are quoted verbatim

in Appendix A (below).

2. Data Analysts by Lockheed

Before presenting our own analysis of the AH-56A reliability

data, we shall present the result of the analysis performed by

the AH-56A contractor, Lockheed Aircraft Corporation.

Lockheed reported the following measurements:

* Mission Reliability at 92% based on a statistical
confidence level of 90% with data collected through
1,884 flight hours....

* System Reliability at 70% based on a statistical
confidence level of 90% with data collected through
1,884 flight hours .... [14, Vol. I, p. xi]

Lockheed noted that these 1,884 flight-hours include run time

on the Ground Test Vehicle (GTV), Serial Number 1001, while the

test-flight-hour data in Table 21 do not include run time on the

GTV.

Lockheed makes the following statement:

Of the 1,770 primary failures identified during this
development and measurement program, 1,487 or 84%,
have been corrected by redesign to prevent recurrence.
The remaining 283 failures continue to be analyzed for
effective corrective actions. r14, Vol. T, p. xii]

The reliability computations quoted above were obtained by a

Monte Carlo computer simulation in which Government Furnished

Material (GFM) components were assumed to have fixed failure

rates (so-called "par values") "to allow the Government to

assess the Contractor's individual reliability effort without

the influerce of GFM operation" [14, Vol. I, p. 2]. Figure 47

(from [14, Vol. I, p. 4]) shows graphically the results of the
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Figure 47. RELIABILITY GROWTH BY TOTAL FLIGHT-HOURS (MISSION
RELIABILITY VALUES VERSUS CONFIDENCE LEVEL - GFM
AT PAR)

"simulated measurement" of mission reliability. Figure 48 (from

[14, Vol. I, p. 81]) shows the results of a sililar Monte Carlo

simulation to "measure" system reliability. In our opinion,

the results of Lockheed's computatlons are wildly optimistic.
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3. Data 
AnalYsis bI DA

The statistical analysis we have performed is an attempt

to measure any reliability improvement (or egradatiote) that

occurred in the AH-56A during the period of flight westing

(September 1967 through December 1971). The approach we have

used is to model the occurrences of failures by means of a
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Non-Homogeneous Poisson Process (NHPP) having a mean value

function m(t)--i.e., m(t) w expected number of failures in the

internal [O,t]--of the form

m(t) - t , (1)

where A and 81 are positive constants, which must be estimated
* from the data. (See Donelson 115] for a complete discussion

of these statistical methods.) The instantaneous failure rate

r(t) is given by the time derivative of Equation (1) and has
the form

r(t) M x8t 8-1 (2)

Thus, if 0 < a < 1, the instantaneous failure rate of the

system is decreasing in time and the system is undergoing
"reliability growth." The expected cumulative failure rate

c(t)--i.e., c(t) - expected number of failures in [O,t]/t--

therefore has the form

c(t) = m(t) (3)t

Substituting Equation (1) into Equation (3), we obtain

c(t) = Xt - 1  (4)

for the expected cumulative failure rate. When c(t) given by

Equation (4) is plotted versus t on full logarithmic paper,

the result is a straight line having slope (8-1) and intercept

Sat t = 1. If 0 < 1 < 1, the slope is negative--indicating

that the expected cumulative failure rate is decreasing in

time.

Our analysis of the AH-56A reliability data has been

performed for the total system and for each mode (subsystem)

listed in the first paragraph of this chapter. For each mode

11-8 corresponds to the a used in Duane's and General Electric's RPM
rellability-gro'wth models.
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I,

we have established the trend of cumulative failure-rate
(- cumulative failures • cumulative flight-hours) versus cumu-

lative flight-hours. We use maximum-likellhood estimation to

estimate A and 0 in Equations (1), (2), and (4). Having these

estimates of A and 0, we then estimate mean time between

failures (MTBF), T, and reliability for a 2.5-hour mission,

R(2.5), using the formulas

T (a lB (n) (5)

and

R(2.5) (n-2 (XBt 8 - 1 ) exp [-X(2.5+t) 8 dt , (6)

0

where n denotes the cumulative number of failures at the time

the estimate is made. r(.) is the gamma function and

r(n) = (n-l)! for n = 1, 2, ... (see Donelsonr [15] for a deriv-

ation of Equations (5) and (6)).

Some qualifications on the limits of our analysis need to

be pointed out. First, from the data given by Lockheed [14],

it is very difficult to determine whether a failure aborted a

test flight (or would abort a 2.5-hour mission). The data in
Volume III of Reference [14] contain codes that indicate only

where a failure was observed (either in flight or on the

ground). Also, in the time allotted to this study, it was not

possible to pinpoint those components on the AH-56A that are
essential to the long-endurance 2.5-hour mission. Second, by

examining the failure data, it is difficult to determine
whether a failure would require unscheduled maintenance.

Since not all the failures reported by Lockheed would necessar-

ily abort a mission, it is not possible for us to estimate

mission reliability. Hbwever, 1,541 of the 1,553 failures

that we have included in our data in Table 22 are chargeable
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under the definitions given in Paragraph 7.4.4.3 (Appendix A,
below). Of the remaining (1,553-1,541 a) 12 failures, seven

* were induced failur'es, two were "open--not yet classified," and

three were secondary-dependent failures. Therefore, we feel
that our estimates of MTBF (see below) are reasonable estimates
of the mean time between chargeable failures. Accordingly, our

* reliability estimates given by Equation (6) represent the prob-
ability of completing a 2.5-hour mission without incurring a
chargeable failure.

a. Total System

Table 22 contains the monthly failure count and monthly
cumulative failure total for the total AH-56A system. The cum-
ulative failures in a given month are divided by the cumulative
flight-hours from Table 21 for the corresponding month, to
obtain the cumulative failure rate for each month of flight
testing from September 1967 to December 1971. The cumulative
failure rate for the total AH-56A system is tabulated in Table
22. Figure 49 sho'.o u full logarithmic plot of cumulative fail-
ure rate versus ct,:.muiative flight-hours for the data from Table
22. The maximum-likelihood estimates of X and B in Equations
(1) and (4) for the data from Table 22 are

i = 3.384 and 8 - 0.844

The dashed line in Figure 49 is a plot of Equation (4) for
these values of A and 8. It represents the maximum-likelihood
estimate of the expected cumulative failure-rate function. The
slope of this line is

B - 1 = 0.844 - 1 - -0.156

The negative slope of the dashed line in Figure 49 is indicative
of overall reliability improvement in the AH-56A during the 52-
monthi flight-test program. The estimated MTBF of the AH-56A

system after 1,426 hours of flight testing is
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-= 1.09 hours.

The estimated reliability for a 2.5-hour mission is

R(2.5) = 0.100

This number represents the estimated probability that the AH-56A

will complete a 2.5-hour mission without incurring a chargeable

failure; the corresponding Lockheed estimate is 0.701 at a 90-
percent confidence level (see Figure 48, above).

b. Airframe Componerits (Mode ]a)

Table 23 contains the monthly failure count and monthly

cumulative failure race for the airframe components of the

A.-56A. (See the beginning of this chapter for the subsystems

included in *"ode la.) Figure 50 shows the reliability growth

curve for the airframe components. It shows cumulative failure
rate plotted versus cumulative flight-hours. The dashed line

in F!'ure 50 represents the maximum-likelihood estimate of the

e x5Oted cumulative failure rate under the hypothesis of
•ations (1) and (4). The maximum-likelihood estimates of X

a in this case are

2.673) and B = 0.711

-h- "he .... curve is, therefore,

1- = 0.711 - 1 = -o.239

.. . imrovement. We note that, after

"r j -uhors, the points in Figure 50 lie very

",.'" ' " -r str'•int line~. The MTBF for these components is

.. ,=.2 hurs, while the estimated reliability

Best Available Copy
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c. Rotors and Propellers (Node Ib)

Table 24 contains the monthly failure count and monthly

cumulatlve failure rate for the subsystems included in Mode lb.

This mode includes the All-56A main rotor, antitorque rotor, and

tail-pusher propeller. The reliability-growth curve for these

components is shown in Figure 51. The maximum-likelihood esti-

mate of X and 8 for this case are

x - 0.784 and A a 0.672

The expected cumulative failure-rate curve given by the dashed
line In Figure 51 has slope -0.328. The estimated MTBF for the

,cmponents in Mode lb is

S- 20.5 hours ,

and the estimated reliability for a 2.5-hour mission is

R(2.5) a 0.884
We note that the data points for this mode lie very close to

the expected value curve after 300 flight-hours. Also, the com-

ponents in Mode lb experienced the most rapid reliability im-

provement (apart from the XM-53 7.62-mm Machine-Gun System,
wh4,,h is covered in Section B of this chapter, below) of any

b~roup of AH-56A components, in the sense that the slope of
the expected cumulative fallure-rate curve for Mode-lb compon-

ents i" Iess (I.e., steeper) than the corresponding slopes for
the other cat.egorles.

d. Gear Booxs and Drives ,(od# i1c

This mode .tneludes the main tranumission, transmission lube

system, torque meter 3ha''t, La.ti rotor shafting, and the API!

shiaft and gearbox. Table 25 contains the monthly failure count
'nid monthly cumulative fallure rate for the tode-lc components.

Thm ý:utmulative failure rate from Table 25 is plotted versus
cumuilttve I'llght-hourn In Figure 52. The maximum-likellhood
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t.•tl. , •u ' A arid o for thie Mude-lc components are

i - 0.624 and 8 - 0.746

The slopc ul' the expected cumulative failure-rate curve in this
c' Is -0,.154. The estimated MTBF for the Mode-lc component

is

T - 13.59 hours ,

and the estimated reliability of these components for a 2.5-
hour mission is

R(2.5) - 0.831 .

e. Power Plant (Mode 1d)

This category includes the main engines, engine accessories,
en•Iine starting system, engine power and speed-control system,
engine oil supply, and auxiliary power unit (APU). Table 26
contains the monthly failure count and monthly cumulative

faliure rate for the Mode-ld components. In Figure 53, the
cumulative failure rate for these components is plotted versus
cumulative flight-hours. The maximum-likelihood estimates of
X and I for the Mode-ld components are

A 0.278 and a - 0.881

Th,' dashed line in Figure 53 represents the expected cumulative
fallure-rate curve for Mode-ld components and has slope -0.119
(i.e., 8 - 1 - 0.881 - 1 a -0.119). The estimated MTBF for
these components is

T = 9.69 hours

and their estimated reliability for a 2.5-huur mission Is

R(2.5) - 0.772
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t. Instruments (Mode 2)

The components Included in this mode are listed at the

berinning of this chapter. Table 27 contains the monthly fail-

ure count and the monthly cumulative failure rate for the Mode-

2 components. The cumulative failure rate from Table 27 is

plotted versus cumulative flight-hours In Figure 54. The maximum-

likelihood estimates of X and 8 for the Mode-2 components are

A 1.253 and 8 - 0.738

The slope of the expected cumulative failure-rate curve (gtven

by the dashed line in Figure 5 4 is -0.262--itdicating a moder-

ately rapid rate of re7.i~bility improvement. The estimate of

MTBF for Mode-2 components is

T = 7.24 hours

and their estimated reliability for a 2.5-hour mission is

R(2.5) = 0.708

g. Communications (Mode 3)

Table 28 contains the monthly failure count and monthly

cumulative failure rate for the AH-56A communications system.

The reliability-growth curve for, these components is shown in

Figure 55, where the cumulative failure rate from Table 28 is

plotted versus cumulative flight-hours. The maximum-likelihood

estimates ef A and a for these components are

S= 0.121 ctnd 8 = 0.874

The slope of the dashed line in Figure 55'is -0.126. The esti-

mated MTBF of the AH-56A communications system Is

T = 23.59 hour-

and the estimated rellability for these components Is

o 0.899

1.60
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We note that the slope of the reliability-growth curve for the

Mode-3 components is about the same as the slope of the

reliability-growth curve for the AH-56A power plants (Mode ld).

Both these categories experienced only relatively minor relia-

bility improvement during the 52 months of flight testing on the

CHEYENNE.

h. Nivigation System (Mode 4)

The components included in this mode are listed at the

beginning of this chapter. The navigation system was installed

on the AH-56A in January 1969 after a total of 267.6 test-

flight-hours had been accumulated. Accordingly, Table 29 shows

the monthly failure count and monthly cumulative failure rate

for Mode-4 components beginning in January 1969. The cumula-

tive test-hours in Table 29 represent test-flight-hours accumu-

lated on the AH-56A after January 1969. Mode 4 also includes

some weapon-systems components that were not flight tested

until March 1969.

The monthly cumulative failure rate from Table 29 is plotted

versus cumulative flight-test time in Figure 56. We note that

the cumulative failure rate for Mode-4 components increases

steadily from 0.016 failures per flight-hour in January 1969

tj 0.140 failures per flight-hour in October 1970 after 535.2

flight-hours had been accumulated on the Mode-4 components

(302.8 flight-hours total on the AH-56A). The maximum-likelihood

estimates of X and 8 for these components are

x = 0.043 and B = 1.140

Tne slope of the expected cumulative failure-rate curve in

Figure 56 (i.e., the dashed line) is 0. 1 40-,-indicating an over-

all 5 crea•ing trund in cumulative failure rate for Mode-4

components. The estimated MTBF for the Mode-4 components is

T = 7.58 hours

165
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Table 29. MONTHLY AND CUMULATIVE FAILURES
(WITH CUMULATIVE FLIGHT-HOURS AND
RATE) FOR THE AH-56A (CHEYENNE)
NAVIGATION SYSTEM (MODE 4)

S. . . . . . ..... ..-

o h- alures Fllqht-Mours Cumulative Failures

Month Number Monthly. Cumulative Number , L.t

1 69 1 61 . 3 6 .3 1 0 61

1'69 2 78.6 139.9 3 0.021

3'69 1 34.8 174.7 4 0. 023

40/69 0 0.0 174.7 4 0. 023

1) ,, f, q 2 0.9 175.6 6 0. 034

6;,69 0 4.9 180.5 6 0. 033

7/69 4 9.7 190.2 10 () 053

,,6Q I 7.0 197. ? 11 0. 01,6

9101) 6 31.5 228.7 17 0.014

10/69 1 27.0 'Sr.7 18 0.070

11,,69 1 12.3 268.0 19 0.071

1 •1,49 0 26.0 294.0 19 0.065

!1 70U 2 7.2 301.2 21 0.070

7., 7 21.2 322.4 28 0.08 7

3/70 5 28.1 350.5 33 0.094

4/7!7 8 39. 3 389.8 41 0. 105

5/70 3 25.7 415.5 44 0.106

6/70 5 25 .0 440.5 49 0. 111

7/70 6 15.0 455.5 55 0.121

8/70 9 30M2 485.7 64 0.132

9/70 6 32.8 518.5 70 0. 135

10/70 5 16.7 535.2 75 0.140

11/70 2 31.8 567.0 77 0.136

12/70 6 45.7 612.7 83 0 135

I/71 6 49.5 f662.2 89 0.134

2/71 4 28.2 1 690.4 93 0.135
* /71 3 22.6 713.0 96 0.136

4/71 5 46.4 759.4 101 0. 133

5/71 3 23.5 782.9 104 0. 133

6/71 7 40.8 823.7 111 0. 135

7/71 5 36.8 860.5 116 0. 135

8/71 1 36.9 897.4 117 0.130

9/71 4 63 7 QI l I II, 0. 126

10/71 2 52.5 1.013.6 123 0,121

11/71 4 72.5 1 ,086.1 127 0.117

12/71 7 72.3 1,158.4 134 0.116
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and their estimated reliability for a 2.5-hour mission is

R(2.5) = 0.719

.acking complete knowiedge of the conditions that prevailed
during AH-56A flight testing, we are unable to explain the

rather sharp increase in the cumulative failure rate and its

subsequent leveling off for these components.

i. Computer Central Complex (Mode 5)

The Computer Central Complex (CCC) was installed on the

AH-56A for flight testing in March 1969 after 407.5 test-flight-

hours had been accumulated on the AH-56A. Accordingly, Table 30

shows the monthly failure totals and monthly cumulative failure

rate, beginning in March 1969. The cumulative failure rate is

relative to flight-hours accumulated on the AH-56A after Febru-

ary 1969. The cumulative failure rate from Table 30 is plotted

versus cumulative flignt-hours in Figure 57. The cumulative

failure rate for the Mode-5 components decreases from a high of

0.154 failures 6er flight-hour at 395.3 cumulative test-hours

to 0.092 failures per flight-hour at 1,0k8.5 cumulative test-

hours. The maximum-likelihood estimates for X and B for the

data in Table 30 are

S= 0.233 and 6 = 0.866

The dashed line in Figure 57 has slope -0.134--indicating that

the expected cumulative failure rate for th, CCC is decreasing

slightly. The estimated MTBF of these components i-

= 12.5 hours ,

and their estimated reliability for a 2.5-hour mission is

R(2.5) = 0.818

Best i fqaiiable COPY



Table 30. MONTHLY AND CUMULATIVE FAILURES (WITH
CUMULATIVE FLIGHT-HOURS AND RATE) FOR
THE AH-56A (CHEYFNNF) COMPUTER CENTRAL
COMPLEX (MODE 5)

Mofrthly Failuresf Flight-Hours kumulative Failures

Month Number IMonthly Cumulative Number Rate

3/69 . 34.8 34.8 1 0.029

4/69 0 0.0 34.8 0 0.029

5/69 1 0.9 35.7 2 0.056

6/69 0 4.9 40.6 2 0.049

7/69 3 9.7 50.3 5 0.099

P 8/69 2 7.0 57.3 7 0. 122
9/69 1 31.5 88.8 1 0.090

10/69 1 27.0 115.8 9 0.078

11/69 1 12.3 128.1 10 0.078

12/69 2 26.0 154.1 12 0.078
1/70 0 7.2 161.3 12 0.074

2/7C 3 21.2 182.5 15 0.082

3/70 6 28.1 210.6 21 0.100

4/70 7 39.3 249.9 28 0.112
5/70 4 25.7 275.6 32 0.116

6/70 8 25.0 300.6 40 0.133

7/70 2 15.0 315.6 42 0.133

8/70 10 30.2 345.8 52 0.150

9/70 6 52.8 378.6 58 0.153
10/70 3 16.7 395.3 61 0.154

11/70 0 31.8 427.1 61 0.143

12/70 0 45.7 472.8 61 0.129

1/71 0 49.5 522.3 61 0.117

2/71 3 28.2 550.5 64 0.116

3/71 1 22.6 573 1 65 0.113

4/71 2 46.4 619.5 67 0.108

5/71 0 23.5 643.0 67 0.104

6/71 4 40.8 683.8 71 0.104

7/71 3 36.8 720.6 74 0,103
8/71 4 36.9 757.5 78 0.103
9/71 7 63.7 821.2 85 0.104

10/71 1 52.5 873.7 86 0.098

11/71 6 72.5 946.2 92 0.097

12/71 2 72.3 1,018.5 94 0.092
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j. Weapon Systems (Mode 6)

The systems included in this mode are listed at the begin-
In ... _' s chapter. Flight testing on the weapon systems

2,ýmmenced in March 1969, after the AH-56A had already accumu-

!ated 407.5 flight hours. Table 31 contains the monthly failure

totals and monthly cumulative failure rate for the Mode-6

!'alures, starting in March 1969. The cumulative failure rate

in Tatle ,i is relative to flight-hours accumulated on the

Aii-56A after February 1969. In the following section, we give

a more comprehensive reliability-growth analysis for the gun

systems using the "Armament Stoppage History" for the XM-51

40-.7im 3renade-Launcher System, the XM-52 30-mm Gun System, and

the XrO-53 7.62-mm Machine-Gun System (tables contained in [14,

ol. II). The mont.thly cumulative failure rate from Table 31 is

p-otted versus cumulative flight-test-hours for these compcn-

ents in Figure 58.

The maximum-likelihood estimates of . and B for the data

from Table 31 are

S= 0.291 and B = 0.848

The slope of the expected cumulative failure-rate curve in

Figure 58 is -0.152--indicating reliability improvement for

these cr~mponents. The estimated MTBF for Mode-s components is

S= 11.66 hours

and their estimated reliability for a 2.5-hour mission is

R(2.5) - 0.807

4. Conclusions

The analysis presented in this section assumes that fail-

ures occur in accordance with a Non-Homogeneous Poisson Process
(NHPP), the time parameter of the process being cumulative

flight-hours in this case. We further assume that the mean-
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Table 31. MONTHLY AND CUMULATIVE FAILURES (WITH
CUMULATIVE FLIGHT-HOURS AND RATE) FOR
THE AH-56A (CHEYENNE) WEAPON SYSTEMS
(MODE 6)

Monthly Failures; Fliqht-Hours jCumulative Failures

Month' Number ! MonthlyjCumulative' Number Rate

3/69 1 34.8 34.8 1 0.029

4/69 0 3.0 34.8 1 0.029

5/69 1 0-9 35.7 2 0.056

6/69 2 4. 9 40.6 4 0.099

7/69 1 9. 7 50. 3 5 0.099

8/69 6 7.0 57.3 11 0.192

9/69 3 31.5 88.8 14 0.158

10/69 3 27.0 115.8 17 0.147

11/69 3 12. 3 128.1 20 0.156

12/69 3 26.0 154. 1 2_3 0. 149

1,/70 4 7 .2 161 .3 27 0. 167

2/70 3 21.2 i,92.5 20 0.164

3/70 1 28.1 210.6 33 0.157

4/70 5 39 .3 249.9 38 0. 152

E/ 0 2 25. 7 275.6 40 0. 145

6/70 0 25. 0 300.6 40 0. 133

7/70 1 15.0 315.6 41 0. 130

8/70 3 30.2 345.8 44 0.127

9/70 2 32 .8 378.6 46 0. 12

10/70 4 16. 7 295 .3 50 0. 126

11/70 3 31.8 427.1 53 0.124

12/170 0 45.7 472.8 53 0.112

1/71 5 49. 5 522.3 58 0. 111

2/71 2 28.2 550.5 60 0.109

3/71 2 22 .6 573. I 62 0. 108

4/71 3 46.4 619.5 65 0.105

5/71 2 23.5 643.0 67 0.104

6/71 5 40.8 683.8 72 0.105

7/71 3 36.8 720.6 75 0.104

8/71 7 36.9 757.5 82 0,108

9/71 5 63.7 821.2 87 0.106

10/71 12 52.5 873.7 99 0.113

11/71 3 72.5 946.2 102 0.108

12171 1 72.3 1,018.5 103 0.101
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vale :unctlor. of this NJHPP has the form given by Equation (1).

f hls "sMrtion is correct, then the expected cumulative

f:•u>' rate has the form given by Equation (4), which is a

... •II;-ht line t'n full logarithmic paper. Also, MTBF and relia-

bli'ty Cfcr a 2.5-hour mission) are correctly estimated by

:?>a: ions (5,) and (u), respectively, when the assumptions in

a' aDn (- are 2orr ct. We have used maximum--likelihood

es.ttir.atlon to estimate the parameters X and 8 appearing in

Equations (I) through (E). it is shown in Donflson [15] that

"his method of estimating X and a is consistent in the sense

*""- lata sample becomes large, the maximum-

"elr.lood estimates of A and 6 will be very close to their

"true values (assuming, of courre, that such values exist).

The Jata presented in this section apply to a program that

was terminated in the development staFe. (The AH-56A CHEYENNE

niever went into production.) However, we believe that the data

examined here convey several important messages.

ý'irst, it is very evident from a quick comparison of our

resu4 lts and the results of Lockheed's computations (Figures 47

and 48) that Lockheed's estimates of AH-56A reliability are much

more optlmlstic than ours. The reasons for these differences

are explained, we believe, by the aifferences in the procedures

used c. mo-1 and estimate the reliability of the AH-56A. Lock-

heed ssed a very complicated simulation method, in which the

.TFM components were assumed to have constant failure rates.
Also, Lockheed relied h-avily on Paragraph 7.4.4.5, "Deduction

of Fal-lures" (see Appendix A, below), to obtain a favorable

estimate of' AH-56A reliability. Our method examines the sta-

tistical lattern i., which failures occur in time and estimates

MTBF and reliability directly from the data, without assuming

any sort of dynamic ilationship between the components in

which certain components are assumed to have fixed (unrhanging)

failure rates. Considering the complexity of the AH-56A, we
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, Qubt that a simulation model (which involves hundreds of

assumptions) to likely to give meaningful results.. On the

othor hand, our method (which examines the pattern of failure•

uouvene. In. timo) :is able to.. teduce.. MTBF and reliability with

a btininum number of assumpttons.

W. see very littleŽ Justification for deducting a failure

for which a fix has reportedly been developed. Of course, it

is possible that a fix proposed to correct a failure mcde .will

be entirely efrective. But this cannot be ascertained with

. cortainty berore the fix ia 'installed and tested.. In the case
of the AH-56A, many of the fixes that were developed were never

Installed and tested. The overall effect of Paragraph 7.4.4.5

1i. to present an overly optimistic picture .of the manner in

which reliability groWth bocurred'on the AlI-56A. To say thatr 84 percent of the chargeable failures (the percentage of deducted

L chargtable failures as a per'"entage of their total) on the AH-56A

never occurred Is to present a very unrealistic picture of what

actually happened. It is our view that all chargeable failures

(and ;.erhaps some nonchargeable failures as well) should be

counted, for the purpcse of measuring reliability growth.

The next Important message conveyed by the data presented

in this section is that there are simple statistical methods

that can be used to monitor reliability improvement effectively

and to predict future, reliability growth. The cumulative-

failure-rate curves shown in Figures 49-54 exhibit considerable

statistical regularity. Th,7ae plots of cumulative failure rate

versus cumulative fllight-hours show an easily recognizable trend

in reliability improvement.

The methods we have empioyeu here to analyze AH-56A relia-

bility improvement do not attempt to explain (1) why failures

occur or (2) the dynamics of the failure-causing mechanisms.

However, iistng only the assumption that failures occur in time in

accordance with a NiIPP, we are able to give a simple mathematical
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explanation--Equations (4), (5), and (6)--of the pattern or

trend in the occurrence of failures. Measurement of this trend

is all that is needed for monitoring reliability improvement.

In addition, these methods may be used to forecast cumulative

failure rate, MTBF, and reliability. Such forecasts can be

monitored for accuracy and can easily be revised and updated.

B. WEAPON SUBSYSTEMS

We have performed a reliability-growth analysis that uses

test data from the following weapon systems on the AH-56A

(CHEYENNE): XM-51 40-mm Grenade-Launcher System, XM-52 30-mm

Gun System, and XM-53 7.62-mm Machine-Gun System.

The source of the data used in this analysis is the AH-56A

Armament Stoppage History contained in Reference [14, Vol. I].

This information was collected from logs, monthly test reports,

inspection tags, and on-site Design Assurance Representatives.

Stoppages were recorded only when the guns failed to fire or

point upon command. This condition was recorded for both air

firing and ground firing. However, firinir from a test installa-

tion was not included [14, Vol. I, p. 63].

1. Contractual Reliability Goals and Measurement Procedures

The CHEYENNE contract specified the following reliability

7oals for each of the weapon systems we have considered:

(1) XM-51 40-mm Grenade-Launcher System (not including
the gun or ammunition) 7,150 mean-rounds--to-stoppage
(MRTS) after firing 467,000 rounds at 90-percent
confidence level.

(2) XM-52 30-mm Gun System (not including the gun or
ammunition) 9,550 MRTS after firing 128,000 rounds
at 90-percent confidence level.

(3) XM-53 7.62-mm Machine-Gun System (not including the
gun or ammunition) 14,400 MRTS after firing 1,056,000
rounds at 90-percent confidence level. [14, Vol. I,
pp. xi-xii]
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The gun and ammunition are Government Furnished Material (GFM),

and their reliability is not included in these reliability

goals. Thus, the goals apply only to weapon subsystems such

as the turret, feed chute, and control systems.

Procedures that were used by Lockheed to determine the

failure count and to measure reliability of the weapon subsystems

on the AH-56A may be found in Appendix A, below (Paragraphs

7.4.6 through 7.4.6.6). As we shall demonstrate, Paragraphs

7.4.4.5 (Deduction of Failures) and 7.4.6.6 (Data Acquisition

and Evaluation Process) permit the contractor (Lockheed Air-

craft Corporation) to estimate AH-56A weapon-systems reliability

in an extremely optimistic manner.

2. Data Analysis

a. XM-51 40-mm Grenade-Launcher System

Testing on this system began in September 1968 and con-

tinued until 21 December 1971. The data used in our analysis

are the Armament Stoppage History for the XM-51 (Ref. [14, Vol.
T , pp. 68-103]). During more than three years of testing on

the XM-51 40-mm Grenade-Launcher System, Lockheed fired a total

of 40,530 rounds (or 8.7 percent of the programmed 467,000

rounds) and reported a total of 166 stoppages, of whi.ch 71 were

due to "ontractor Furnished Material (CFM). Howevel-, after

deducting failures for which fixes had been developed (in

accordance with Paragraph 7.4.4.5, Deduction of Failures) and

nonchargeable failures, Lockheed reported a net total of only

14 chargeable failures. It is to be noted that in many cases

the fixes (which allowed the deduction of failures) were

never incorporated into the weapon system and tested. Thus,

using the criteria of Paragraph 7.4.6.6 (above), Lockheed

estimated the reliability of the XM-51 as 2,895 MRTS--i.e.,

2,891 [14, Vol. 1, p. xii]).
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However, an analysis of Lockheed's data (not counting

failures due to GFM) shows that the average firing period with-

out a failure was only 785 rounds, with a standard deviation

of 1,063 rounds. Of a total of 50 stoppages due to CFM for

which there are rounds-since-last-stoppage data available, in

only three of these firing periods did the rounds since last

stoppage exceed 2,895 rounds. Thus, Lockheed's estimate of

MRTS for the XM-51 lies above the 90th percentile of the data

on rounds since last stoppage due to CFM. The deduction of

failures for which a fix is developed, even before the fix is

incorporated and tested, necessarily includes the optimistic

assumptions that the fix will entirely eliminate the failure

mode being fixed and will not introduce any new failure modes

into the system.

In this study we were primarily interested in the relia-

bility improvement of the entire weapon systeri, including the

gun and ammunition. It is our view that all failures should

be counted, for the purpose of measuring reliability growth

during a test and development program. Therefore, in our

analysis we have counted all failures, whether they are due to

CFM or GFM; and we have not deducted any failure for which a

fix had reportedly been developed. Table 32 shows a summary

of the stoppage history on the XM-51. It is to be noted that

our data differ from the data reported by Lockheed. There are

two reasons for this. First, there are arithmetic and typo-

graphical errors in the data Lockheed reported in Reference

[14, Vol. I, pp. 68-103]. In some cases we made the obvious

correction, and in others we found it necessary to guess (by

splitting the differences). Second, in some instances Lockheed

reported weapons stoppages without reporting rounds fired since

last stoppage or cumulative rounds fired. We were unable to

determine whether these data represent multiple failures

detected at the time a weapons stoppage occurred or •hether

they represent stoppages for which the data were lost.
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Table 32. STOPPAGE HISTORY AND CUMULATIVE STOPPAGE RATE
FOR THE XM-51 40-mm GRENADE-LAUNCHER SYSTEM

Rounds Cumulative Rounds Cumulative
Since u-. Since

Stoppage Last Rounds Stoppage Stoppage Last Rounds Stoppage
Number Stoppage Fired Rate Number Stoppage Fired Rate

* 1 17 17 0.05880 41 379 11,756 0.00349
2 1 18 0.11110 42 131 11,887 0.00353
3 78 96 0.03130 43 145 12,032 0.00357
4 129 225 0.01780 44 9 12,041 0.00365
5 19 244 0.02050 45 178 12,219 0.00368
6 28 272 0.02210 46 38 12,257 0.00375

P 7 26 298 0.02350 47 5 12,262 0.00383
8 2 300 0.02670 48 1,669 13,931 0.00345
9 2 302 0.02980 49 1,177 15,108 0.00324

10 7 309 0.03240 50 136 15,244 0.00328
11 142 451 0.02440 51 126 15,370 0.00332
12 184 635 0.01890 52 626 15,996 0.00325
13 185 820 0.01590 53 851 16,847 0.00315
14 185 1,005 0.01390 54 374 17,221 0.00314
15 673 1,678 0.00894 55 28 17,249 0.00319
16 673 2,351 0.00681 56 104 17,353 0.00323
17 673 3,024 0.00562 57 2 17,355 0.00328
18 673 3,697 0.00487 58 307 17,662 0.00328
19 674 4,371 0.00435 59 51 17,713 0.00333
20 778 5,149 0.00388 60 101 17,814 0.00337
21 778 5,927 0.00354 61 180 17,994 0.00339
22 778 6,705 0.00328 62 498 18,492 0.00335
23 957 7,662 0.00300 63 118 18,610 0.00339
24 252 7,914 0.00303 64 232 18,842 0.00340
25 212 8,126 0.00308 65 178 19,020 0.00342
26 533 8,659 0.00300 66 1,717 20,737 0.00318
27 824 9,483 0.00285 67 406 21,143 0.00317
28 102 9,585 0.00292 68 406 21,549 0.00316
29 73 9,658 0.00300 69 406 21,955 0.00314
30 422 10,080 0.00298 70 406 22,361 0.00313
31 74 10,154 0.00305 71 406 22,767 0.00312
3? 113 10,267 0.00312 72 2 22,769 0.00316
33 263 10,530 0.00313 73 2 22.771 0.00321
34 184 10,714 0.00317 74 204 22,975 0.00322
35 4 10,718 0.00327 75 17 22,992 0.00326
36 68 10,786 0.00334 76 86 23,078 0.003?9
37 61 10,847 0.00341 77 8 23,086 0.00334
38 69 10,916 0.00348 78 154 23,240 0.00336
39 458 11,374 0.00343 79 4 23,244 0.00340
40 3 11,377 0.00352 80 327 23,571 0.00339

(continued on next page)
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Table 32 (continued)

S - Rounds Rounds -Since Cumulative Since CumulativeSince.... ...-- Since -
Stoppage Last Rounds Stoppage Stoppage Last Rounds StoppageNumber Stoppage Fired Rate Number Stoppage Fired Rate

81 196 23,767 0.00341 98 444 31,893 0.00307
82 50 23,817 0.00344 99 444 32,337 0.00306
83 24 23,841 0.00348 100 910 33,247 0.00301
84 349 24,190 0.00347 101 158 33,405 0.00302
85 831 25,021 0.00340 102 362 33,767 0.00302
86 6 25,027 0.00344 103 18 33,785 0.00305
87 321 25,348 0.00343 104 1,513 35,298 0.00295
88 583 25,931 0.00339 105 207 35,505 0.00296
89 51 25,982 0.00343 106 185 35,690 0.00297
90 21 26,003 0.00346 107 341 36,031 0.00297
91 278 26,281 0.0034f 108 122 36,153 0.00299
92 1,154 27,435 0.00335 109 211 36,364 0.00300
93 2,238 29,673 0.00313 110 462 36,826 0.00299
94 444 30,117 0.00312 111 98 36,924 0.00301
95 444 30,561 0.00311 112 935 37,859 0.00296
96 444 31,005 0.00310 113 667 38,526 0.00293
97 444 31.449 0.00308 114 124 38,650 0.00295

Therefore, we excluded them from the data in Table 32 and
counted only those stoppages for which rounds since last stoppage
and cumulative rounds fired were reported. Accordtingly, Table
32 shows only 114 stoppages out of the total of 166 reported by
Lockheed. (Our estimate of rVRTS is therefore probably optimis-
ticl)

Figure 59 shows the graph in full-logarithmic coordinates
of the cumulative stoppage rate versus cumulative rounds fired
from Table 32. The straight line on this graph represents the
maximum-likelihood estimate of the expected cumulative failure
rate under the hypothesis that the expected cumulative failure
rate has the parametric form c(t) = Xto- 1 for t > 0. X and 81

are positive constants estimated from the data by using the

11-l corresponds to the a used in buane's and General Electric's RPM

reliability-growth models.
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method of maximum likelihood. A full discussion of the statis-

tical methods that we have used in our analysis may be found in

Donelson [15]. For the data in Table 32, the maximum-likelihood

estimates are - 0.046 and 8 - 0.74, A 95-percent confidence

interval for 0 (and therefore for the slope of the straight

line in Figure 59) is given by [0,598,0.869]. The maximum-

likelihood estimate of MRTS after 38,650 rounds is 1158 MRTS.

b. XM-52 30-mm Gun.-System

Testing on this weapon system began in January 1969 and

continued until 21 December 1971. The data for our analysis
come from Reference [14, Vol. I, pp. 109-27]. Lockheed

reported firing a total of 33,432 rounds (or 26 percent of the

programmed 128,000 rounds) during this testing perJod. Lock-

heed also reported a total of 107 stoppages, Of which 50 were

due to CFM. The deduction of nonchargeable failures and fail-

ures for which fixes had been developed reduced the count of

net chargeable failures due to CFM to 12. Thus, Lockheed

reported the reliability of the XM-52 Gun System as 2,786 MRTS--

i.e., 33,432/12 - 2,786.

Again, we performed our reliability analysis for the

entire weapon system including the gun and ammunition. Thus,

we have counted stoppages due to both CFM and GF14. Table j?

contains the stoppage history for the XM-52 Gun System. Our

data again differ from the data reported by Lockheed [14, Vol. I,

* pp. 109-27]. The reasons for these discrepancies are the same
as explained earlier for the XM-51 Grenade-Launche.- System.

Figure 60 contains the graph in full-logarithmic coordinates

of the cumulative-stoppage-rate data from Table 33. The straight

line in Figure 60 represents the maximum-likelihood estimate of

the expected cumulative failure rate under the hypothesis that

the expected cumulative failure rate has the parametric form

c(t) - AtB- 1 for t > 0. The maximum-likelihood estimates of

A and B for the data from Table 33 are A 0.044 and a = 0.73.
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Table 33. STOPPAGE HISTORY AND CUMULATIVE STOPPAGE RATE FOR
THE XM-52 30-mm GUN SYSTEM

Rounds Cumulative Rounds Cumulative
Since - Since

Stoppage Last Rounds Stoppage Stoppage Last Rounds Stoppage
Number Stoppage Fired Rate Number Stoppage Fired Rate

1 76 76 0.01316 48 458 11,762 0.00408
2 0 76 0.02632 49 705 12,467 0.00393
3 70 146 0.02055 50 2,983 15,450 0.00324
4 80 226 0.01770 51 136 15,586 0.00327
5 56 282 0.01773 52 446 16,032 0.00324
6 364 646 0.00929 53 186 16,218 0.00327
7 728 1,374 0.00509 54 125 16,343 0.00330
8 663 2,037 0.00393 55 633 16,976 0.00324
9 663 2,700 0.00333 56 27 17,003 0.00329

10 664 3,364 0.00297 57 24 17,027 0.00335
11 150 3,514 0.00313 58 25 17,052 0.00340
12 381 3,895 0.00308 59 24 17,076 0.00346
13 19 3,914 0.00332 60 149 17,225 0.00348
14 244 4,158 0.00337 61 51 17,276 0.00353
15 26 4,184 0.00359 62 950 18,226 0.00340
16 27 4,211 0.00380 63 255 18,481 0.00341
17 27 4,238 0.00401 64 712 19,193 0.00333
18 87 4,325 0.00416 65 26 19,219 0.00338
19 31 4,356 0.00436 66 51 19,270 0.00343
20 0 4,356 0.00459 67 181 19,451 0.00344
21 22 4,378 0.00480 68 25 19,476 0.00349
22 0 4,378 0.00503 69 155 19,631 0.00351
23 24 4,402 0.00522 70 659 20,290 0.00345
24 1 4,403 0.00545 71 3,268 23,558 0.00301
25 28 4,431 0.00564 72 497 24,055 0.00299
26 40 4,471 0.00582 73 302 24,357 0.00300
27 17 4,488 0.00602 74 302 24,659 0.00300
28 302 4,790 0.00585 75 464 25,123 0.00299
29 160 4,950 0.00586 76 687 25,810 0.00294
30 57 5,007 0.00599 77 424 26,234 0.00294
31 430 5,437 0.00570 78 885 27,119 0.00288
32 54 5,491 0.00583 79 450 27,569 0.00287
33 360 5,851 0.00564 80 215 27,784 0.00288
34 52 5,903 0.00576 81 142 27,926 0.00290
35 1 5,904 0.00593 82 71 27,997 0.00293
36 751 6,655 0.00541 83 416 28,413 0.00292
37 53 6,708 0.00552 84 455 28,868 0.00291
38 1,023 7,731 0.00492 85 455 29,323 0.00290
39 42 7,773 0.00502 86 455 29.778 0.00289
40 179 7,952 0.00503 87 455 30,2'3 0.00288
41 0 7,952 0.00516 88 92 30,325 0.00290
42 1,649 9,601 0.00437 89 750 31,075 0.00286
43 42 9,643 0.00446 90 235 31,310 0.00287
44 609 10,252 0.00429 91 127 31,437 0.00289
45 7 10,259 0.00439 92 1,016 32,453 0.00283
46 44 10,303 0.00446 93 679 33,132 0.00281
47 1,001 11,304 0.00416 1 _I
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A 95-percent confidence interval for i .s given by [0.578,

0.875]. The maximum-likelihood estimate of MRTS for the XM-52

* after 33,132 rounds fired is 484 MRTS.

c. XM-53 7.62-mm Machine-Gun System

Testing on this weapon system began in April 1968 and

continued until 29 August 1969, at which time the XM-53 was

deleted from the AH-56A program and replaced with the XM-51

Grenade-Launcher System [14, Vol. I, p. 129J. However, we have

included the XM-53 in our study because it exhibited the most

rapid reliability growth of any of the three gun systems on

the AH-56A.

The data used In our analysis come from the XM-53 Armament

Stoppage History [14, Vol. I, pp. 132-39). Lockheed reported

firing a total of 161,003 rounds (or 15 percent of the pro-

grammed 1,056,000 rounds) and a total of 72 stoppages, of

which 43 were due to CFM. There were a total of 16 net charge-

able failures after deducting nonchargeable failures and fail-

ures for which fixes had been developed. Thus, Lockheed

reported the reliability of the XM-53 Machine-Gun System as

10,063 MRTS--i.e., 161,003/16 - 10,063.

The reliability-growth analysis we have performed here is

for the entire XM-53 Gun System and includes both the gun and

ammunition. Therefore, we have included stoppages due to both

CFM and GF14 In the XM-53 stoppage history in Table 34. Our

data again differ somewhat from the data reported by Lockheed

[14, Vnl. I, pp. 132-39]. Again, this difference is due to

artthmetid and typographical errors and to lost data.

Figure 61 contains the graph of the cumulatlve-stoppage-

rate data for the X,4-53 from Table 34. The dashed line in

Figure 61 represents the maximum-likelihood estimate of the

expected eurnulative failure rate under the hypothesis that the

expoct,'d cumulative failure rate has the parametric form

185



Table 34. STOPPAGE HISTORY AND CUMULATIVE STOPPAGE RATE FOR
THE XM-53 7.62-mm MACHINE-GUN SYSTEM

Rounds Cumulative Rounds
Since Cumulative Since Cumulative

Stoppage Last Rounds Stoppage Stoppage Last Rounds Stoppage
Number StoppAge Fired Rate Number Stoppage. Fired Rate

1 69 69 0.01449 33 315 18,609 0.001770
2 18 87 0.02299 34 238 18,847 0.001800
3 27 114 0.02632 35 4,628 23,475 0.001490
4 35 149 0.02685 36 24,,973 48,448 0.000743
5 4 153 0.03268 37 3,775 52,223 0.000709
6 153 306 0.01961 38 617 52,840 0.000719
7 351 657 0.01065 39 2,058 54,898 0.000710
8 120 777 0.01030 40 13,406 68,304 0.000586
9 110 887 0.01015 41 4,114 72,418 0.000566

10 64 951 0.01052 42 9,904 82,322 0.000510
11 1,087 2,038 0.00540 43 5,733 88,055 0.000488
12 163 2,201 0.00545 44 7,168 95,223 0.000462
13 241 2,442 0.00532 45 9,664 104,887 0.000429
14 94 2,536 0.00552 46 3,690 108,577 0.000424
15 29 2,565 0.00585 47 2,913 111,490 0.000422
16 106 2,671 0.00599 48 10,846 122,336 0.000392
17 143 2,814 0.00604 49 324 122,660 0.000399
18 5,688 8,502 0.00212 50 10,101 132,761 0.000377
19 148 8,650 0.00220 51 4,057 136,818 0.000373
20 108 8,758 0.00228 52 647 137,465 0.000378
21 570 9,328 0.00225 53 184 137,649 0.000385
22 1,358 10,686 0.00206 54 1,471 139,120 0.000388
23 1,712 12,398 0.00186 55 135 139,255 0.000395
24 50 12,448 0.00193 56 30 139,285 0.000402
25 0 12,448 0.00201 57 248 139,533 0.000409
26 177 12,625 0.00206 58 115 139,648 0.000415
27 99 12,724 0.00212 59 10,573 150,221 0.000393
28 1,548 14,272 0.00196 60 1,138 151,359 0.000396
29 848 15,120 0.00192 61 24 151,383 0.000403
30 140 15,260 0.00197 62 24 151,407 0.000409
31 416 15,676 0.00198 63 2,990 154,397 0.000408
32 2,618 18,294 0.00175 64 4,174 158,571 0.000404
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c(t) =t for t > 0. The maximum-likelihood estimates of

X and e for the data from Table 34 are k • 0.369 and 8 = 0.431.

A 95-percent confidence interval for 4 is given by [0.319,

0.52n]. Un~der the hypothe,,is that the instantaneous stoppage

rate has the form X(t) = ASt - for t > 0, the max.4mum-

likelihood estimate ý,,f MR.', for the XM-53 after 158,571 rounds

fired I- 5,07'3 1.5 '

Our calculations clearly indicate that the XM-53 Gun

System experienced a very rapid improv'ement in reliability

during the pe'riod uf time it was being tested.

3. Conclusions

Table 35 compares Lockheed'J'-ana IDA's estimates of MRTS

for the XM-5, XM"52, and XM-53 weapon systems. The estimates

in Table 35 apply to the weapon systems at the end of the test-

irg program.

Table 35. COMPARISON OF LOCKHEED'S AND IDA'S
ESTIMATES OF MRTS FOR THE XM-51,
XM-52, AND XM-53 WEAPON SYSTEMS

Weapon Estimate of MRTS

System By Lockheed By IDA

XM-51 2,895 458

XM-52 2,786 484

XM-53 10,063 5,773

For 'he XM-51 and XM-52, Lockheed's estimates of MRTS are

approximately six times IDA's; for the XM-53, their estimate is

almost double Is. Since the test period r~n the XM-53 lasted

only 17 mc.ntl before its discontinuance, it appears that Lock-

heed personnel were unable to apply the "Deduction of Failures"

provisions of Paragraph 7.4.6.5 (see Appendix A, below) to the
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a2to extent as was done for the XM-51 and XM-5P. Thus, Lockheed
personnel deducted fewer chargeable failures In making their

estir.ate of MRTO for the XM-53. Hence, Lockheed's estimate of
MRTS for the XM-53 is closer to our estimate than it is for the
ether weapon systems. However, in every case, Lockheed's esti-
inates rf MRTS are more optimistic than ours, because they
counted fewer failures than we did.

We believe that reliability estimates based on the deduc-
tion of fallures 'end to be overly optimistic. We rYFonmend
that, in future contracts, reliability estimates based on all
failures should be required--in addition to the more optimistic
estimates based on deducted failures.
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Chapter IV

HELICOPTER ENGINE DATA

A. ANALYSIS OF T700-ENGINE RELIABILITY IMPROVEMENT*

The dita used in this analysis were obtained by IDA from
the Project Manager's Office (PMO), Utility Tactical Transport
Aircraft System (UTTAS). In fulfillment of contractual obliga-
tions, these data are supplied to the UTTAS PMO by General

Electric Company, the prime contractor for the T700 engine.

Appendix B (below) contains paragraphs (which specify the
reliability goals, failure definitions, excluded failures, and
measurement procedures) that are quoted directly from Reference
[23].

The development and testing program has been apportioned
7,200 hours of test time in which to achieve the goal of 1,200
hours MTBF. A total of 2,268 hours of testing had been com-
pleted as of 1 August 1974.

1. DataAnalysis by IDA

The statistical analysis we have performed using T700
engine-test data has three objectives:

(1) To determine the rate of reliability improvement.
(2) To evaluate T700 reliability as of 10 June 1974.
(3) To forecast T700 engine reliability at future points

in the test program.
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a. Test Data

Table 36 contains a list of all T700 engine failures that

were validated in the T700 testing program as of I August 1974.

All these failures are chargeable under tI.- definitions of

Paragraph 3.40.3 (see Appendix B, below).

Ii A total of 36 failures had been validated on the T700
engine as of 10 June 1974, at which time 2,0(1 hours of testing

had been compieted. As of 1 August 1974, 2,268 hours of testing

had been completed. However, our analysis uses only the data

through 10 June 19711 (i.e., 2,071 test hours), because additional

failures that may have occurred between 10 June and 1 August 1974

may not have been completely analyzed and reported as of the

assessment cut-off date (I August 1974).

Table 36 shows for each failure the component that failed,

the date the failure occurred, the engine serial-build on which

the failure was detected, the cumulative test hours on each T700

prototype engine, and the cumulative test time on all T700 proto-

types as of the date on which the failure occurred. An asterisk

(*) indicates an engine that failed. It is to be noted that data
for engine #002 has not been included in Table 3(, since engine

#002 (a gas generator) Is not intended to perform as a T700

engine. The parallel failures are indlcated by a "P" on the left

side of Table 36. These are failures where the same component

has failed more than once, either on the same engine or on sepa-

rate engines.

"ATF" on the left side of Table 36 indicates charge'able

failures that have beer ellminated because the components in-
volved have passed acceptance tests. These failures occurred

when defective components werP left on engines so that testinig
could continue. We have performed two identical statistical

analyses--one using the data on all failures in Table 36, tle
other using the data from Table 36 with the ATE failures

e 1 Im nated.
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b. Statistical Model of Reliability Growth

.@In modeling reliability growth on the T700 engine, we
assume that failures measured versus cumulative test time t
occur according to a Non-Homogeneous Poisson Process (NHPP)
(N(t), t > 0},, where N(t) denotes the number of failures in the

Sinterval [O,t]. The time variable t measures cumulative test
time on all prototype engines. Let m(t), which is called the
mean-value function of the NHPP N(t), denote the expected num-
ber of failures in the interval [O,t]--i.e., m(t) - E(N(t)).

S@ Specifically, we assume that our NHPP has a mean-value function

of the form

m(t) Xt

for t > 0, where X and 01 are positive constants.

Let •0 0; and for n 1 1, 2, .... let S denote the random
time of occurrence of the n failure. Again, time is to be
understood here as cumulative test time. For n = 1, 2, ... ,

let Tn = Sn - Sn_ be the elapsed (random) time between the oc-
currence of the (n-l)st and nth failures. Let T n denote the
expected value of Tn-i.e., T n - E(T n). Then rn is the expected

elapsed time between the (n-i)st and nth failures (i.e., MTBF).
Tn is given in terms of 8, X; and n, by The equation

n r(+ n - .)Tn = • ) .... 0) .. (7)

for n = 1, 2, ... , where r(') is the Euler gamma (factorial)
function and r(n) (j, - 1)1. Since A and B are not known in
advance, we use the method of maximum-likelihood estimation to
obtain strongly consistent estimators for A and $ in terms of

11.- corrceponds to the a used in Duane's and Generol Elpctric's
RPM reliability-growth models.

9 Preeding page blank



observed-failure time data. (See Donelson [15) for a thorough

discussion oV these statistical techniques.) We denote these

estimates by X and B.

Once we have obtained estimates of X and 0, we may sub-

stitute them into Equation (7) to obtain estimates of Tn for

various values of n. Thus, if we have observed m failures (the

mth failure occurring at time sm), we can estimate that the

achieved or current MTBF of the system at time t = sm is rm

If we let an denote the expected time of occurrence o.' the nth

failure (i.e., a n E(S n)), we can also estimate that at time

t - an the MTBF of the system is Tn. For the purpore c- his

computation, on is given in terms of X, B; and n, by th

formula

8 1(l n)
"n X r(n)

for n - 1, 2,

c. Results of Statistical Analysis

Table 37 contains the cumulative failure rate for the test

data from Table 36, including the ATE failures. The cumulative

failure rate is obtained by dividing cumulative failures by

cumulative test-hours. The maximum-likelihood estimates of X

and B for the data in Table 37 are

S- 0.022 and B - 0.968

A 95-percent confidence interval for B (using the data in Table

37) is given by the interval [0.655,1.2771. In Figure 62 we

have plotted the cumulative failure rate from Table 17 versus

cumulative test-hours on full logarithmic scale. The dashed

line in Figure 62 represents the maximum-likelihood estimate of

the expected cumulative-failure-rate function under the hypoth-

esis that the mean-value function has the form m(t) = Ato. In

this case the expected cumulative failure rate is
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a

O(t) 0 m(t)/t M AtB"1, It is to be noted that this function is

* just a straight line with slope 0-1 when it is plotted on full
logarithmic scale.

The solid line in Figure 62 gives the estimated MTBF for
the T700 engine at various times in the test program. This

* estimate is obtained by plotting T n given by Equation (7) versus
an given by Equation (8) for n a I, 2s ... (using the maximum-
likelihood values of A and B given in the preceding paragraph).

The estimate 4 of current MTBF after 36 failures (ATE
failures included) and 2,071 cumulative test-hours (as of

10 June 1974). is

= 59.4 hours.

i( The estimated standard deviation of the time to failure (as of

10 June 1974) is

t aT 59.5 hours

This compares with a current estimate (given to us by the UTTAS

PMO) of 753 hours MTBF, made by General Electric.

Projecting the trend (i.e., using the above estimated

values of X and 8) that has been established using the data in

Table 40, we estimate from Equation (8) that the expected time
for failure #121 is 7,250 hours. At this point the estimated

expected value (MTBF) of the 121st failure time-interval is only
61.9 hours. Thus, the present trend when projected into the
future indicates virtually no reliability improvement for the

T700 engine. Unless there are dramatic improvements in the near
future (which are unlikely, given the lead time required to

change the makeup of such a development program), we believe that
it is highly improbable that the T700 engine-development program

will achieve the 1,200-hour MTBF goal.
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Table 38 contains the cumulative failure-rate for the test
data I'rom Table 36 after tho ATE failures have been eliminated.

The maximum-liIkelihood estimates of a and 8 for the data In

Table 18 are

- 0.027 and a a 0.90")

A 95-percent confidence interval for 8 (using the data in Table
38) is given by the interval [0.569,1.237].

Figure 63 contains a plot of the cumulative failure-rate
from Table 38 ,rsus cumulative test-hour3. Again, the dashed

line In Figure 63 represents the maximum-likelihcod estimate of

the expected cumulative failure-rate for the data from Table 38,

and the solid line shows the estimated MTBF as a function of

2umulative test-hours. We note that when the ATE failures are
eliminated, the estimate of 14TBF as of 10 June 1974 (i.e., after

2,071 test-hours) is

r a 84.6 hours

Using the maximum-likelihood values of A and 6 for the data in
Table 38, the expected number of failures in 7,200 hours of

testing is 84 -- the expected time of occurrence of the 8 4 th fail-

ure being 7,261 hours. The expected value (MTBF) of the 8 4 th

frailure time-interval in this case is 95.37 hours. Thus, even

with the ATE failures eliminated, the predicted MTBF at the end

of 7,200 hours of testing is only 10 hours above the current

estimate--the predicted MTBF achievement being slightly less

than eight percent of the 1,200-hour MTBF goal.
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2. Conclusions

After 2,071 hours of testing (about 29 percent of the

7,200 hours allotted to testing), the T700 engine-development

program has achieved only seven percent of the 1,200-hour MTBF

goal. The rate (trend) of reliability improvement that has

been established thus far is minimal and is not sufficient to

achieve the 1,200 MTBF goal after 7,200 hours of testing. In

fact, we estimate that less than 10 percent of the 1,200-hour

goal will be achieved, even after ATE failures are excluded

(Figure 63).

B. MISCELLANEOUS ENGINE DATA

Figure 64 is taken from a Boeing Vertol report prepared

under contract to the U.S. Army Air Mobility Research and Devel-

opment Laboratory. Data for a lower number of cumulative engine

flight-hours were obtained directly from the manufacturers of

the T58, T64, and T63 helicopter engines. Although there is a

wide scatter in the lines for the various engines, the figure

shows definite reliability growth in unscheduled engine-removal

rates--from a rate of roughly 3.0 around 1,000 hours to a rate
of about 0.3 at 10 million hours. In most cases, engine power

ratings are increased over time; this growth in power tends to

work against growth in engine reliability.

Note that Figure 64 depicts unscheduled engine removal

(UER) rates. As hours are accumulated, the scheduled removal

rates also tend to decrease (as TBOs are increased), so that

the total removal rates (scheduled and unscheduled)--though

greater than the UER rates shown in Figure 64--should also de-

crease roughly proportionally to the UER rates.

Table 39 and Figures 65-69 are from a Lycomlng report on

the T53 engine [18A]. Table 39 presents the production and

status history for the various T53 engine models, and Figure 65
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Figure 65. T53 CUMULATIVE FLYING-HOURS
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FLYING HOURS. HOWEVER THE POINTS SHOWN FOR THE L,11O ARE DERIVEO BY USING 501 CONFIDENCE
LEVEL ESTIMATE OF FAILURE RATE.

Source: Reference "18A, p. 60).

Figure 66. RELEVANT ENGINE FAILURES - IN-FLIGHT INCIDENTS AND
MISSION COMPLETION
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Source: Reference [18A, p. 61].

Figure 67. T53 IN-FLIGHT ENGINE MALFUNCTIONS SALL CAUSS*

shows the cumulative flying-hours. The turboshaft models are

rr those that are used in helicopters. Figures 66-68 present

relevant engine-failure• rates, malfunction2 ratses, and MMH/FH,

'A relevant engine failure is an engine malfunction, the cause for which has

been determined to be the responsibility of the engine twnufacturer and at-
tributable to the existence of discrepancies in the engiep t opnns
or the documentation of Its design or use.

2 •A malfunction denotes inability to meet specified operating requirements. A
malfunction can occur only during actual operation of' the. enfr,•i(ý; It may or
may not constitute a failure.
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Figure 68. T53 MAINTENANCE MAN-HOuIRS PER ENGINE FLrGHT-HOUR

respectively, for the varlous T53 engine models. Figure 69

shows the achievement In Mean-Time Between Depot Return (MTBD)'

for enrln" causes for, the T53 turboshaft family of engines over

1The mean ti.m between rnecessary depot actions for engine causes is
calculated by dividing the total flying hours by the total number of engine-
caused, necer;sary, depot removals flor the same calendar time per•o•d.
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Figure 69. T53 TURBOSHAFT MTBD - ENGINE CAUSES

the years. All these figures indicate that the successive T53
engine models generally exhibited R&M characteristics improved

over earlier models. At the same time, the power rating was

being increased in the successive models.

Figure 70 shows reliability trends for all T53 turboshaft

engines from 1970 to 1973. Though the reliability measures
fluctuated markedly, there was no definite overall trend upwards
or downwards over this period of time. The fluctuations were

probably due mainly to the mix of different models over time.

Table 39 indivates that in addition to new engines, large numbers

of engines were sometimes converted to later models. For example,

5,514 engines were converted to the L-13B model configuration,
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11

which w'tt Initially shipped In April 1970. FIgure+ 69 indtcates

that thIs model had a mueh gronator, MTBD than ea•rlior models; the

Inovease in MTBD in FIVUoe 70 from 1972 to 1973 probably r'eflet.s

nn increase in the relat1ive number of I,-13B conversitons in the

Inventory.

Figures 71 and 72 show approximntely constant reliabItlty

trends for the T55-L-7/7B/7C engines; unfortunately, we do not

have data for other T55 engine models.

The most Important reliabllity mea.sur: In thvse figurs to
MTBD, which re'flects both scheduled and unscheduled depot a(tirons

for' ongine causes; depot net;Ions (many of which are overhauls)

are much more costly than nond'"pot actions. 1Lyoomlng personnel.

stated that depot overhaulls account fov about 90 percent of total

engine-maIntenance costs.

It is Interesting to note that there Is a great difference

between the MTBFs (based on relevant failures) reported by

Lycoming for the T53 engines and the MTBFs for these engines

obtained from service data (based on all failures). For example,

Figure 7C for the T53 ongirne shows MTBF In excess of 1,200 hours

from 1970 through 1973. Howevwr, Tables 8 and 10 indicate that

power-plant MTBF for th, H-i f;amily of aircraft, which use the

T53 ,nglne, aver'aged only about 30 hour's between 1968 and 1973%.

The Lycoming MTBF is based on relevant enrine failures, while

the data reported for the helleopter power plants Include all

failAres. Lycoming deflines a relevatit engine failure as

an engine-malfunction, the cause for which has been
determined to be the responsibility of the engine
manufacturer and attributable to thp -xistonce of
dis(;repanc l.s in th- engine, its components, the
documentation of Its design or use.

Evidently, most T53 engine failures wore classified by Lycoming

as nonrelevant.
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Chapter V

ANALYSIS OF DATA FROM HELICOPTER MANUFACTURERS

A. BOEING VERTOL

Part A of Volume 2 presents helicopter R&M data (obtained

under subcontract from the Boeing Vertol Company), most of
which were for. the H-46 and CH-47 programs. Most of the H-46s
were cargo helicopters operated by the Marine Corps (mainly

CH-46Ass CH-46Ds, and CH-46Fs). The Navy operated a small
number of UH-46As. In addition to these U.S. military aircrafts
versions of the H-46 family were operated by New York Airwayss

the Canadian Army and Air Force, the Swedish Navy and Air Poroe,
and Japanese military and commercial services. First operations

were by New York Airways--starting in July 1962. The first
flight of the CH-46A was in October 1962, and the aircraft en-4

'A tered field service with the Marine Corps in November 1964

(Reference [24)). Figure 73 shows cumulative flight-hours

versus calendar time for the H-46 family of aircraft.

The CH-47A was developed for the U.S. Army and first flew

in September 1961. Operating the CH-47A, B, and C models, the
Army was for many years the only operator of the CH-47. Start-
ing in 1972, deliveries were made to the military services of
Spain, Australia, Italy, Iran, and Candada [25). Figure 74

shows cumulative flight-hours versus calendar time for the U.S.
Army Ci!-47 family. The Army was the only operator of CH-47s
for the first million flight-hours (the period covered by
Figure 74).

In order nut to introduce transcription errors Into the
data, Part A is reproduced in the origi:aal Boeing format and
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is discussed below. Table and figure numbers refer to those of

Volume 2, Part A; and items are discussed in the order that

they appear there.

CH-47 Reliability. The top panel of Table 1 presents mal-

functions per flight-hour for the complete CH-47 and for the total

subdivided into 11 systems. Data for the total aircraft are

available from 1963 to 1972; data by system are given from 1965 to

.972. The very early phase of operations is not ir.,luded in these

data; cumulative flight-hours were 4,750 in 1963 and 37,033 in

1965. Cumulative malfunction rates are plotted in Figures 1 to

12. At the bottom of each plot, the a (the same as the a used in

Duane's and in General Electric's RPM reliability-growth models,

but with a change in sign [26)) is given; a negative a indicates

re±iability growth, while a positive a indicates reliability

degradation. The a's for each system and for the total aircraft

are summarized in the right panei of Table 2. Note that the total

aircraft-reliability growth was quite low (-0.063). The system

U's ranged from -0.315 (flight control) to +0.160 (drive). Nine

systems exhibited reliability grcwth, while two exhibited relia-

bility degradation.

CH-47 Maintenance Man-Hours. The bottom panel of Table 1
presents MMH/FH for the complete CH-47 and for the total sub-

divided into 11 systems. Data are available from 19L.; to 1972.

The cumulative MMH'FH rates are plotted in Figures 13-24. The

c'As for each system and for the total aircraft are summarized

In thŽ left panel of Table 2. The total aircraft maintenance-

improvement growth (i.e., reduced MMH/FH) was -0.172; all of

the systems showed maintenance-improvement growth, ranging from

-0.415 (equipment) to -0.005 (rotor).

Safety Growth Statistics. Tables 3 to 3-16 present major

accident rates for the following helicopters: UH-l(Army),
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UlH-1(Navy/Marine Corps), H-2(Navy), Hl-3(Navy), OH-6(Army),

H-19(Navy), H-19(Army), H-21A/B(Air Force), H-21C(Army), H-34

* (Army), li-34(Navy/Marine Corps), H-37(Navy), CH-37(Army),
UIH/CIt-46, CH-47, CH-53(Narine Corps), and CH-54(Army). For the

ciH-46 and CH-47, the data were from Boeing Vertol records for
all years. For all the other aircraft, the data through CY 1968
were from Vertol records; the data for FYs 1968-73 were obtained

by IDA from the Naval Safety Center and the U.S. Army Agency for

Aviation Safety. For those helicopters with operations span-

ning both periods, the IDA data have been added to the Boeing
Vertol data to provide more complete coverage. The cumulative
accident rated have been plotted f.,r all the helicopters in

Figure 25 and by individual helicopter type in Figures 26-42.

The rx's t'or each helicopter type are summarized in Table 4.

Fifteen of the 17 helicopter types exhibit safety-reliability

growth. Only the U'i-l(Navy/Marine Corps) and the H-21C(Army)

show safety degradation. The a's for the 17 types range from

-0.742 for the H-19(Army) to +0.158 for the H-21C(Army). The

average value of a for all 17 helicopter types was -0.23.

CH-46 Reliability. Table 5 presents malfunctions per

flight-hour for the complete CH-46 and for the total subdivided

into 23 systems. Data are available for the 23 systems only

for 1968, 1969, 1970, and 1972. Data for the complete heli-

copter are available for these years, as well as for 1962-67.

Cumulative flight-hours were 10,000 In 1962 and 394,000 in 1968.

The reliability of the total helicopter improved markedly,

from 2.00 malfunctions per flight-hour in 1962 to 0.723 in 1968;

by 1972, however-, it worsened to 0.925 malfunctions per flight-

hour. The cunmulative malfunction rates are plotted In Figures
43-66; the cx's for each system and for the total aircraft are

summarized in the right panel of Table 7. Because of its re-

liability growth from !962 to 1968, the total aircraft exhibits

good reliability growth (a = -0.218). The system ax's in general

show a slight reliability degradation from 1968 to 1972. The
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system a's ranged from -0.372 (airframe) to +0.5147 (miscellaneous

utilities). Nine systems exhibited reliability growth, while 14

exhibited reliability degradation. The average value of a fz

all 23 systems from 1968 to 1972 was 0.089. Based on all CH-46

operations, these system trends from 1968 to 1972 are generally

consistent with the 3-M data, excluding Pacific Theater (Vietnam)

operations. Figure N-20 indicates that MTBF for the five major

systems worsened between 1968 and 1972.

CH-46 Maintenance Man-Hours. Table 6 presents MMH/FH for

the complete CH-46 and for the total subdivided into 23 systems.

Data are available only for 1968, 1969, 1970, and 1972. The

cumulative MMH/FH rates are plotted in Figures 67-90; the a's

for each system and for the total aircraft are summarized in

the left panel of Table 7. The MMH/FH for the total aircraft

worsened (increased) slightly (a = 0.010). The system a's

ranr•ed from -0.288 (airframe) to +0.410 (fuselage compartment).

Eight systems exhibited maintenance improvement (reduced MMH/FH),

while 15 exhibited maintenance degradation (increased MMH/FH).

These system trends from 1968 to 1972, based on all CH-46

operations, do not show as much degradation in MMH/FH as the

3-M data excluding Pacific Theater (Vietnam) operations. Figure

.'N-21 Indicates that MMH/FH for four of the five major systems

worsened between 1968 and 1972.

H-21 Maintenance Man-Hours. Figure 91 shows MMH/Ffi for H-21

hel~.~opters of the French Army during the Algerian War. Data for

these heli(copters were carefully reported by service representa-

tives because these were the first Boeing Vertol helicopters

en.aiged In combat operations. When the H-21 entered French Army

service, it had already accumulated about 70,000 flight-hours in

U.2. Army and Air Force service (see Table 3-7). Figure 91 indi-

cr±t-s that MMH/Fli Increased as the aircraft aged and reached a

rlho.r stable, level after a year. This Is a typical pattern

following Introduction of a helicopter into service. While the
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aircraft are new, maintenance requirements are relatively low; as

they accumulate flight time, components reach their overhaul time;

and other parts of the helicopter require more maintenance. Atte:

a year or so, the level of maintenance tends to stabilize an

improvements to the airpraft tend to offset the adverse effeats o.

aging.
p

CH-47 Transmission Reliability. Table 8 presents unsched-
uled removal rates for the four transmissions of the CH-47. Both

yearly and cumulative removal rates are plotted in Figures 92-99
and corresponding a's are shown in Table 10. There was reli-

ability growth for all four transmissions; U's based on cumula-

tive removal rates ranged from -0.450 to -0.041. The average

value of - for all four transmissions was -0.22.

Figures 75-78 (on the next four pages, not in Volume 2) Ihow
TBO histories for four models of the CH-17. The TBOs for the

four transmissions increased over time in all CH-I47 models, and

each achieved a TBO of 1,200 hours. Since TBOs determine sched-

uleýd removal rates, both the unscheduled and scheduled removal

rates for all transmissions exhibit reliability growth.

CH-47 Component Reliability. Table 9 presents unscheduled
removal rateýs for major CH-47 components that are overhauled when

they fail. Both yearly and cumulative removal rates are plotted

in Figures 100-115, and corresponding a's are shown in Table 21.

(I's based on cumulative removal rates ranged from -0.334 to

+0.632. Five components exhibited reliability growth, while three

exhibited reliability degradation. However, the average value of

a was 0.019, Indicating slight reliability degradation.

Tables B-1 to B-4 Include T1O hlstoris for f-ur of the

components of Tables 9 and 11 (pivoting actuator, swlveling

actuator, rotor blades, and swashplates). In all cases except

for the CH-47B rotor blades, the T!30: either increased or re-

mained ,onstant. The TBO of the CH-4T7 rotor blades decreased
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from "On Condition" to 1500 hours for the aft rotor and 3,600

hours for the forward rotor. The TBO of the CH-47A blades in-
creased from 400 hours to "On Condition," and the TBO of the
CH-470 blades was always "On Condition." Hence the trend in
scheduled (TSO) removal rate for rotor blades was mixed, while

the unscheduled removal rate worsened (a - 0.146). For the other
three components, both the scheduled (T7O) and unscheduled re-

moval rates improved.

CH-46 Component Reliability. Table 12 presents unscheduled

removal rates for CN-46 transmissions and rotor heads. Both
yearly and cumulative removal rates are plotted in Figures 116-
125, and corresponding a's are shown in Table 13. a's based
oni cumulative removal rates ranged from -0.284 to +0.709. Two
components exhibited reliability growth, while three exhibited

reliability degradation. The average value of a for all f've

components was 0.14--indicating slight reliability degradation.

Interestingly, the aft transmission and rotor head showed im-

provement, while the forward transmission and rotor head showed

degradation.

Helicopter Maintenance Trends. Figure 126 shows the trends

of helicopter and fixed-wing direct-maintenance costs versus

weight empty (W.E.). The helicopter direct-maintenance cost

increases with (W.E.) 0 7. The insert Indicates a rather weak

relationship between maintenance cost and year of introduction,

Figure 127 shows a trend of MMH/FH versus W.E. As would

be expected, MMH/FH increases with W.E. Using the equation

fitted through the points of Figure 127, Figure 128 normalizes

for W.E. and shows the effect of year of introduction on MMH/FH.

Figure 0-2 indicates that, for equal WE., MMH/FH has been de-

creasing with year of introduction. This decrease will tend to

flatten out in the future, as successive generations of heli-

copters are introduced (MMH/FH can not be negative).
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B. HUGHES

* Part B of Volume 2 presents A&M data (obtained under sub-.

contract from Hughes Helicopters) for the YOH-6 and OH-6A hell-

copters. In order not to introduce transcription errors into
the data, Part B is reproduced in the original Hughes format

$ and is discussed below.

Ten prototype YOH-6 aircraft were built and had first flight

dates from 27 February 1963 to 30 April 1964. These aircraft

were flown in various tests at many scattered locations in CONUS.

First production-aircraft flying started in May 1966. (More de-

tailed program history is given in Volume 2, pp. H-1 - H-5.)

Figure 79 summarizes the failure and removal data provided

in Part S. The blocks indicate the periods of time covered for

each of the seven sets of data. Failure data are brogen down

into the following subsystem categories: (1) rotors, (2) air-
frame, (3) transmissions and drives, (4) power plant, (5) in-
struments and electrical, (6) communications, and (7) weapon
systems. Pailure data are presented for Subsystems (1), (2)v
(3), and (5) in all cases; but, as noted in Figure 79, data

for Subsystems (4), (6), and (7) are not always presented. In
some cases, the contractor-furnished equipment (CFE) associated
with the power plant subsystem is included, but the government-

furnished equipment (OFE) is not included. The OFE is the engine

itself.

In addition to the failure data, Volume 2 includes "Total

Removals" for all alrcraft except Prototype No. 6 (p. fl-16) and

the nine production aircraft (p. H-24). The number of removals

refer to the removal of all major components for overhaul or

repair. Both failures and removals are categorized as "Charge-

able" (C) or "Non-Chargeable" (NC). Chargeable failures or

removals are those caused by some deficiency in the item itself

that caused its failure or removal, while nonchargeable failures

or removals are due to some other cause (e.g., a maintenance
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error committed by a meohanio). Because the assignment of cause

to "chargeable" or "nonchargeable" often involves subjective

Judgment, we have used the sum of both chargeable And non-

chargeable failures and removals in all our analyses. The sum

of both categories should provide a truer picture of total re-

liability growth than the use of only chargeable failvres or

I>, removals.
Because of the incomplete failure reporting of Subsystems

(4), (6), and (7), we have not used them in our analysis of

reliability growth. Table 4o summarizes the failure data for

the other four subsystems, as well as the total removal data.

The data of Table 40 cover a total of 12,607 flight-hours

from April 1963 to May 1968 for 20 aircraft. Other aircraft

S were also accumulating flight-hours over this same time period.

Figure 80 (based on Hughes' Figure 2-1 [Vol. 2, p. B-5, below])

shows total flight-hours for the entire YO:-6/OH-6A fleet. It

indicates approximately 27,000 total fleet flight-hours by

May 1968. Hence, the data of Table 40 represents slightly less

than half the total fleet flight-hours accumulated by May 1968.

In determining growth rates relative to cumulative flight-hours,

the data of Table 40 must be related to the total fleeL flight-

hours, since learning is associated with all the aircraft being

flown.

In Table 41, we have accumulated by calendar time from

Table 40 the flight-hours, total failures (for the four sub-

systems of Table 40), and total removals. We have siot included

the data for i-ototype No. 6, which was being flown in a 1,000-

hour logistics evaluation at Fort Rucker at the same time Proto-

type No. 5 was being flown at Culver City. Its reported failure

rate was only about one-third that of No. 5, as well as much

lower than that of Prototypes Nos. 3 and 8 (see Vol. 2, p. B-7,
below). It is highly probable that its failure reporting was

not complete, and for that reason it was not included in the
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Table 40. OHN-A FAILURE AND REMOVAL DATA (CHARGEABLE AND NON-
CHARGEABLE FAILURES)

Number of Failures

Transmissions Instruments
Flight- and and Total

Mnth Hours Rotors Airframe Drives Electrical Total Removals

ptotipo No. 8
4/63 9.8 2 1 0 0 3 6
5/63 19.9 5 1 1 4 11 8
6/63 12.1 5 0 1 3 9 9
7/63 33.0 5 3 2 1 11 7
8/63 24.5 2 8 3 2 15 8
9/63 23.0 1 3 0 3 7 6
10/63, 6.4 1 0 0 0 1 1
11/63 33.8 0 a 1 0 9 8
12/63 25.5 1 5 0 3 9 11
1/64 20.8 0 1 1 2 4 3
2/64 18.1 0 1 0 0 1 2
3/64 13.7 0 2 0 12 2
4/64 17.2 1 3 1 1 6 7
5/64 6.8 0 0 1 0 1 1

Total 264.6

?i'totype No. 5

9/63 4.5 1 5 3 3 12 2
10/63 21.7 9 5 6 2 22 11
11/63 26.5 5 3 0 2 10 10
12/63 5.0 5 7 2 2 16 17
1/64 55.8 8 16 0 4 28 14
2/64 33.9 3 7 2 4 16 12
3/64 17.0 2 7 1 6 16 11
4/64 22.0 3 8 0 0 11 6
5/64 49.5 5 7 1 1 14 14
6/64 112.7 4 0 7 12 18
7/64 38.2 2 7 0 7 16 15
8/64 24.3 2 6 0 0 8 4
9/64 26.6 3 13 2 4 22 9

10/64 1.4 1 1 0 0 2 1
11/64 18.4 3 2 1 0 6 4
12/64 10.9 1 1 1 0 3 1
1/65 6.1 0 1 0 1 2 0
2/65 1.2 0 2 0 0 2 1
13/65 34.0 1 2 0 2 4 2
465 23.2 0 3 0 1 4 2
j/5 3.9 1 0 1 1 3 3
6/5 4.1 0 0 0 1 1 0

tcontinued on next page)
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Table 40 (cbntinued)

Number of Failures

Transmissions InstrUmnts
Flight- and and Total

Month Hours Rotors Airframe Drives Electrical Total Removals

PFaOtotyttp No. 5 (4ont)
7/6S 9.2 2 03 1

8/65 15.5 2 3 a 59/65 11.1
10/65 6.4 1 1 0 1 3 0
11/65 9.0
12/65 .8 2 0 1 3 6 2
1/66 11.2 12
2/66 28.0 2 1 1 0 4 2
3/66 18.8 1 2 2 1 6 5
4/66 11.8 2 1 0 1 4
5/66 25.8 2 1 0 2 5 7
6/66 12.2 3 2 0 1 6 5
7/66 6.0 1 1 0 0 2 0
8/66 4.1 0 1 0 1 2 0
9/66 16.8 1 2 0 0 3 3

1,/66 32.5 1 2 0 2 5 3
1 6 0 1 5 0 1 7 1
12/66 0 0 7 0 0 7 0
1/67 36.6 1 0 0 0 1 0
2/67 1.8 0 0 0 1 1 0
3/67 0 1 8 0 4 13 5
4/67 11.0 1 1 0 2 4 1

Total 817.5

Prototype No. 6

2-6/64 1,000 34 40 11 27 112 --

Prototype No. 8

3-6/64 j 230 25 28 6 31 90 57

RM Aircraft, SeriaZ Noe, 65-12292 an -12930

2/67 36.1 0 0 0 0 0 0
3/67 262.4 8 14 0 9 31 14
4/67 108 5 9 1 5 20 14
5/67 131.6 14 34 3 17 L 8 31
6/67 255 27 64 10 31 132 66
7/67 96.6 2 18 4 6 30 20
8/67 110.6 4 22 7 10 43 17

Total 1,000.3 - 3 162
(concluded on next page)
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Table 40 (concluded)

_______ Number of Failures _____

I Transmissions Instrements
Flight- and ani Total

Mlonth Hours Rotors Airframe( __ Drives Electrical Total Removals

~~' ~ ~ ~ , *~~ '~ ~y' 'rcyaf t, So r K 1 Nor*. 65 -129 40, - 129 44,
- - 11,966, - 1.96S6

9/67
5/68 5,269 106 298 22 305 731 529

"'P( rodu 'teop: Airov,•af t, 1,7c i'•al Vo.o , 65-11194'6 • -- 919 7, - 918,

10-12/66 I
- 10/67 4,0_26 57 168 40 79 344 --
Grand .

Total 12,607.4 2,032 2.,032 1,037
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Table 41. OH-6 CUMULATIVE FAILURE AND REMOVAL RATES

- F_ ght-jHOurS " ailure$ ______ Removals
! Total Cumulative 

Cumulative
Month Number Cumulative Fleet Number Cumulative Rate Number Cu•!ulative Rate

*/63 9.8 9.8 100 3 3 .31 6 6 .61
W163 19.9 29,7 160 11 14 .47 8 14 .476/63 12.1 41.8 210 9 23 .55 9 23 .55
7/63 33.0 74.8 300 11 34 .45 7 30 .40
3/63 24.5 99.3 400 15 49 .49 8 38 .38
9/63 27.5 126.8 500 19 68 .54 8 46 .36

10/63 28.1 154.9 0'0 23 91 .59 12 58 .37
11/63 60.3 215.2 72U 19 110 .51 18 76 .35
12/63 30.5 245.7 840 25 135 .55 28 104 .42
1/64 76.6 322.3 980 32 167 .52 17 121 .38•'64 52.0 374.3 1,110 17 184 .49 14 135 .36

,64 30.7 405.0 1,240 1$ 202 .50 13 148 .374/64 39.2 444.2 1,390 17 219 .49 13 161 .36
5/64 56.3 500.5 1,560 15 234 .47 15 176 .35
6/64 342.7 843.2 1,720 10 336 .40 75 251 .30
7!64 38.2 881.4 1,900 16 352 .40 15 266 .30
8/64 24.3 905.7 2.050 8 360 .40 4 270 .30
9/64 26.6 932.3 2,220 22 382 .41 9 279 .30

10/64 1.4 933.7 2,390 2 384 .41 1 280 .30
11/64 18.4 952.1 2,560 6 390 .41 4 284 .30
12/64 10.9 963.0 2,720 3 393 .41 1 285 .30
1/65 6.1 969.1 2.890 2 395 .41 0 285 .29
2/65 1.2 97C.3 3.060 2 397 .41 1 286 .29
3/65 34.0 1,004.3 3.210 4 401 .40 2 288 .29
4/65 23.2 1,027.5 3,390 1 4 405 .39 2 290 .28
5/65 3.9 1.031.4 3,550 3 408 .40 3 293 .28
6/65 4.1 1,035.5 3,710 1 409 .39 0 293 .28
7/65 9.2 1,044.7 3,880 3 412 .39 1 294 .28
8/65 15.5 1,060.2 4,020 8 420 .40 5 299 .28
9/65 11.1 1,071.3 4,200 4 424 I .40 2 301 .2810/65 6.4 1,077.7 4,380 3 427 .40 0 301 .28
11/65 9.0 1,086.7 4.550 6 433 .40 4 305 .28
12/65 8.8 1,095.5 4,700 6 439 .40 2 307 .28
1/66 11.2 1,106.7 4,850 12 451 .41 4 311 .28
2/66 28.0 1,134.7 5,020 4 455 .40 2 313 .28
3/66 18.8 1,153.5 5,200 6 461 .40 5 318 .28
4/66 11.8 1,165.3 5,380 4 465 .40 3 321 .28
5/66 25.8 1,191.1 5,530 5 470 .39 7 328 .286/66 12.2 1,203.3 5,760 6 476 .40 5 333 .28
7/66 6.0 1,209.3 6,010 2 478 .40 0 333 .28
8/66 4.1 1,213.4 6,320 2 480 .40 0 333 .27
9/66 16.8 1,230,2 6.680 3 483 .39 3 336 .27

10/66 32.5 1,262.7 7.060 5 488 .39 3 339 .27
11/66 0 1,262.7 7,500 7 495 .39 1 340 .27
12/66 0 1,262.7 8,000 7 502 .40 0 340 .27
1/67 36.6 1,299.3 8,550 1 503 .39 0 340 .26
2/67 37.9 1,337.2 9,150 1 504 .38 0 340 .25
3/67 262.4 1,599.6 9,850 44 548 .34 19 359 .22
4/67 119 1,718.6 10,600 24 572 .33 15 374 .22
5/67 131.6 1,850.2 11,450 68 640 .35 31 405 .22
6/67 255 2,105.2 12,400 132 772 .37 66 471 .22
7/67 96.6 2,201.8 13,350 30 802 .36 20 491 .22
8/67 110.6 2,312.4 14,400 43 845 .37 17 508 .22
10/67 4,026 6,33A.4 16,610 344 1,189 .19 -- *
5/68 5,269 11,607.4* 27,000 731 1,920 .17 529* 1,037* .14*

*Removal data rot available for block of 4,026 flight-hours ending October 1967. Hence. cumulative
flight-hours for removal data through May 1968 are 11, 60, - 4,026 - 7,581.4.
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calculations of Table 41. Cumulative failure and removal rates
are calculated and total fleet flight-hours (from Figure 80)
are shown.

In Figure 81 the cumulative failure rate versus the cumu-

lative fleet flight-hours is plotted on log-log paper--the same
format Duane used in his reliability growth paper [26]. Figure

75 indicates that the failure rate remained approximately con-

stant at about 0.5 for the first 1,000 hours and then improved

after that time. The last two points, reflecting the failure

rates of the nine production aircraft and five confirmatory

aircraft, lower the cumulative failure rate considerably from

that of the prototype aircraft. Possibly, the failure reporting
for these production aircraft was not as complete as for the

earlier aircraft. However, if we accept the final point as

valid and put a trend line from it through the 1,000-hour point,

we obtain a rate of growth corresponding in the Duane formula-

tion to a 0 0.35, which is the maximum a that could be ascribed

to these data. It should be remembered that the failure rates

of Figure 81 are for only four of the seven subsystems of the

aircraft. Table 42 presents the ratios of the numbers of

failures for the other three subsystems to those of the four

subsystems of Figure 81. Table 42 indicates that the failure
rates of Figure 75 should be multiplied by approximately

(1 + .29 + .06 + .12 =) 1.47 to obtain the failure rates for

the complete aircraft. Accordingly, the cumulative failure

rate for the complete aircraft would be about 0.74 for the first

1,000 hours; and then it would reduce to approximately 0.24 at

27,000 hours.

In Figure 82, the cumulative removal rate is plotted versus

the cumulative fleet flight-hours. Here, apparently, there was

reliability growth over the entire period. As in the case of

failure rate, the last point (reflecting the removal rate of

the five confirmatory aircraft) lowers the cumulative removal
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rate considerably from that of the earlier aircraft. However,
If we accept the final point as valid and put a trend line from

* it Lo the initial point* we obtain a rate of growth corresponding

in the Duane formulation to a a 0.26, which is the maximum a that

could be ascribed to these data. The removal rates of Figure 82

include all major components for the complete aircraft.

C. BELL

Bell Helicopter Company has been conducting a study of heli-

copter reliability growth for the Eustis Directorate, U.S. Army

Air Mobility Research and Development Laboratory, Ft. Eustis,

Virginia, under Contract DAAJ02-73-0097. A preliminary (and

unapproved) report [27] has been prepared. The report analyzes
the reliability growth characteristics of the development and

early production of UH-ID, AH-lG, and OH-58A helicopters. The

results indicate that, depending on the reliability-program

effort planned for the design phase, the MTBF at 100 flight-

hours was between 20 and 30 percent of the MTBF for the mature

production aircraft. It sould be noted that these three heli-

copter programs were derivatives of earlier programs and that

these results may not be representative cf a completely new

helicopter program.

1t must be stressed that these findings are preliminary

and may be changed as a result of further analysis. The final

approved version of the Bell report is expected to be available

in the third quarter of 1975. Ft. Eustis technical direction

is being provided by Mr. V. W. Wellner (the Contracting Officer's
Tehrhnlcal Representative) and Mr. T. L. House (of the Military

Operations Technology Divislon).

Time Between Overhaul (TBO). Figure 83 (taken directly

from a Bell Hfelicopter paper [28]) shows the progression in
TBOz for the H-13 and HU-lA helicopter programs. Both show
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•wth rn this reliability measure, with the more recent (HiU-lA)

;•ram, showing a Caster rate of TBfl growth in terms of bot,'h

"~ght time and calendar time. Since overhaul of major com-

ients is relatively costly, growth in TBO is important in

Iucing total maintenance costs. Of course, not every, unit

L2ites its nominal TBO; hence, a more imr>ortant reliability.

.sure •s the actual NTBO.

SI KORSKY

Part C of Volume 2 presents R&M data (obta'.ined under sub-

tract from Sikorsky Aircraft) for the H-53 and H-5 1 4 series

-nellconters. Sikorsky was not able to locate a significant

.int of tine-series R&M data for any' of their earlier pro-

n:;. Thr? !i-53 and HI-5L data consisted mainly of quarterly

"2"0
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R&M reports prepared under Navy and Army contracts. Because

of the bulk of these reports (References [29] - [34]), only

S* the most interesting sections of the final quarterly reports

of the CH-53 Readiness Program series and the CH-54A Operations

Reliability/Englneering Program series are presented in Volume 2.

R&M data from these reports have been extracted (and are dis-

9 cussed below) for the two basic types.

1. S-64/CH-54AICH-546

The commercial S-64 was developed as a company project by

Sikorsky and started flying in mid-1962. A military derivative,

the CH-54A, was then sold to the Army and started flying about

Aprril 1964.

In November 1968, Sikorsky announced that it had received

an Army contract to increase the payload capacity of the CH-54

from 10 to 12.5 tons. The 12.5-ton-payload version was desig-

nated the CH-54B. The contract called for a number of design

improvements to the engine, gearbox, rotor head, and structure;

altitude performance and hot-weather operational capability were

also to be improved. The original JFTDl2-4A engines were re-

placed by two Pratt & Whitney JFTDl2-5As, each rated at 4,800 hp,

and a gearbox capable of receiving 7,900 hp from the two engines

was introduced. Single-engine performance was increased, since

the new gearbox receives 4,800 hp from one engine, compared with

4,050 hp on the CH-54A. A new rotor system was also introduced,

utilizing a high-lift rotor blade with a chord some 2.5 inches

greater than that of the blade used formerly. Other changes

included the provision of dual wheels on the main landing gear,

an improved automatic flight-control system, and some general

structural strengthening throughout the aircraft. Gross weight

was increased from 42,000 to 47,000 pounds [35]. The CH-54B

started flying in 1969. Cumulative flight-hours for the S-64/

Ci!-54A/CH-54B family of aircraft are shown in Figure 84.
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section, l.A.?, T.A.5, I.A.6, and T1.A. I fnclude '-, .4

sorvico-reported R&M data, In addition to these data, Tabl,,s

43 an,.i present data for , number of' R&M measures extractr-rd

from the quarterly R&M reports fov the CII-54A (Ret'. [33]) and

the C!1-54B (Ref. [34]). The quar',ers covered by the report•s

are sh,-:wn in the first column of both Table 43 and Table 44. AU1

* the R&!C measires of Tables 43 and 44 are cumulative for the

CH-54A and the CH-54LI (they start anew for the CH-54B) ald a.re

dLscussed below.

a. Total Reliability

Tot-.al reliabtlitv is defined as the probab111iy o;f no

failure during a one-hour mission. This category applies to

all classes of failure, regardless of degree of severity, and

includes aborts, downs, minors, and malfunctions with no effect.

The CH-54A total reliability worsened over time (from 0.8 4 8 to

0.785); for the CH-54B, it remained approximately constant but

was somewhat worse than it was for the CH-54A.

b. Mission Reliability

•,•ission reliability is defined as the probability that an

aircraft w!ll experience no mission-aborting failure in a one-

hour rnisslon. For the CH-54A, the mission reliability improved

slightly, while for the C?1-54B it remained approximately constant

anrv was about the same as it was for the CH-54A.

c. Active MMH/FH

Active MMH/FH for the CH-54A Increased during Its first year

of operation and then remained approximately constant, at about

6.5 MM!{/FH. This type of pattern is often found where new air-

craft enter service and operate for an initial period with lower

than the steady-state MMIf/FP{. The active MMH/FII for the CIi-54B

decreased from the first to the second quarter reported but then
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remained approximately constant--at 7.4, a level moderately

higher than it was for the CH-54A.

d. Operational Availability

Operational availability depends not only on the intrinsic

R&M characteristics of the aircraft but also on the level of

maintenance personnel, equipment, and spare parts available

to mainta~. the aircraft. Hence, operational availability is

an imperfect measure of R&M characteristics; nevertheless,

dIfferences in R&M characteristics are generally reflected in

operat.ional availability rates.

Operational availability of the CH-54A increased initially

(from the second to the third quarter of' 1968) and. then remained

_pprovimately constant, at about 52 percent. For the CH-54B,

it increased over the first vear of coeration and then remained

aooroximately constant at about 51 percent--about the same rate

as --r he C_"H-=4A.

e. MTBF (All Failures)

.n• nt io-umn of Table 43 shows MTBF for all failures

" ..... :':'- arcraft. This column is repeated in Table 4h,

"..:-2: 'i"so sh-ws the bre-'-kdown of MTBF for most of the aircraft

h. tal "rcraft, the MTBF for the CH-54A im-

'..i:...sef) "from -he first to the second quarter of 1968

............., decreased], freim about 6.0 to 4.1 hours. For
.-. , irove from the second to the third quarter of

:.: worsened, from about 3.3 to 2.8 hours--a rate
'i-:-ly ..j than that of tIte CH-54A. The MTBFs for

.-. ." r .' ms shpown In Table L4 Penerally follow the trend

-n most cases, there is a worsening

... . ', " tqe secnduarter reported for each air-

. .....- , 13 < the 15 systems show a worsening

.. .; .h,:' "wo remain apprDximately constant.
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For the CH-54B, six of the 14 systems show a worsening trenid,

five remain approximately constant, and three show an improve-

ment in MTBF. At the end of the reporting period for each air-

craft, 12 of the 14 systems showed a worse MTBF on the CH-54B

than on the CH-54A; the other two systems had about the same

MTBF on both aircraft. In general, the MTBFs for the total

aircraft and for the individual systems worsened on both the

CH-54A and the CH-54B, and the CH-54B was worse than the CH-54A.

f. MTBF,(Mission Aborts)

The next column of Table 43 shows MTBF for those failures
of such a nature that they result in a mission abort. For this

class of failures, the CH-54A showed improvement (from about 54

to 80 hours) and the CH-543 improved slightly (from about 65 to

72 hours, a level slightly worse than for the CH-54A). The

MTBFs for individual systems were not extracted as they were in

Tableý 44 for All failures. They would probably show, in general,

the same im-provement trends as noted above for the total air-

craft. The trends for all failures are probably more reliable

than the trends for mission-aborting types of failures, because

subtJective judgment is involved in determining which failures

are serious enough to result in a mission abort.

_Is interesting to note that the -TBF for all failures

s;orsone fojr both aircraft, while the MTBF for mission-atort-

t•.-ne fa"lures imorovel for both aircraft--which would indicate

that &Ct on was taken to correct the more serious type of fail-

ores (.th.ose causini, mission aborts) but %hat the more minor
types of failures were relatively ignored and increased in 're-

quency as the fleets ar,,ed.

g. MTBR and TBO

Thno f ,i 1 :;ection o!' Table 43 show 1 [.TBR an] ThO f'or a
0,:.,"' ' >" "" ".•or' mr.,.:'" ,.f" ts. ..." ' .host - ;tr'• ",h, tyT•,s of comnone~nts

2 ;4
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that are removed from the aircraft and overhauled either when

they fail or at a specified time (TBO).

Main Rotor Head. The MTBR for the CH-54A main-rotor head

worsened2 slightly, from about 330 to 291 hours. At the same
t-e, the TBO was increased from 375 to 400 hours. Table 43
show.-s an infinite MTBR for the CH-54B main-rotor head during

the first two quarters--which simply indicates that no re-
movals occurred during those two quarters. Starting with the

third quarter renorted, the MTBR for the CP1-54B improved from

)boft a00 to 530 hours, considerably better than the experience
5' " A . 'he TBO was increased to 500 and 800 hours for

.wo dif.erent models of the main-rotor head, both being operated
s'multaneously.'

Auxiliary Power Plant (APP) Clutch. The MTBR for the
C-H-551A APP clutch remained approximately constant, at about 311
hours; its TBO was constant, at 500 hours. The MTBR for the
CH-54B improved from about 100 to 180 hours, but was consider-
ably worse than that of the CH-54A. In simultaneous service
use on. the CH--4B were two models, one of which had a TBO of
500 hours and the other of which had no TBO (replaced "On Con-

Tail-Rotor Blade. -h-.'-T.3? for" th'r CI ,5A taL -rot or blade

'00.. J....50 hour z; no T w0 .as shown for

• .: 1.; '.-....;. . * h, ,.:-. ,'i ,(* e t. • . . - ,-- , l o ~ o h

" > .....

.,. . •,.. ,•. , ;; ") ]. .................-.. .. ,., : .•
* . . . , , ., : . . ... 1 4.,.

"h ": Best Availab leC
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Main-Rotor Damper. The MTBRs for the CH-54A main-rotor

damper from the fourth quarter of 1968 to the second quarter

" of 1969 are probably wrong, since the MTBRs are greater than the

total fleet flight-hours (see Figure 84, above). In the third

"quarter of 1969, the total MTBR dropped to 398 hours and then

remained approximately constant (at about 395 hours) for the

next five quarters. During this period, its TBO was 400 hours.

The MTBR figures for the CH-54B also look questionable; they

jumped from 561 hours in the third quarter of 1973 to 1,407

hours in the fourth quarter of 1973. However, its level of MTBR

appears improved over that of the CH-54A--at least for the

latter's last five quarters. The TBOs for the CH-54B were 400

and 800 hours through the third quarter of 1973 and 400 and

7,200 hours for the last two quarters reported.

Main-Rotor Blade. The MTBR for the CH-54A appears ques-

tionable; it dropped from 4,110 in the second quarter of 1969

to 1,369 in the third quarter of 1969. After that large ques-

tionable drop, its MTBR worsened, from about 1,370 to 1,017

hours. Its TBO throughout was 5,000 hours. The MTBR for the

CH-54B was reported only for the final quarter; at 1,888 hours,

it w-is considerably improved over the final MTBR of the CH-54A,

wh~l'. its TBO had been reduced to 2,500 hours--one half that

for the CH-54A.

Turbine Engine. The :*STBR for the CH-54A remained approx-

S.....ely constant (a. about 470 hours), while its TBO increased
r-) ý . •00 to 800 7our'. For the C---54B, the MTBR worsened

:zIihtly (fr'rn abiut 510 to 510 hours), but was slightly better

,,h thl tne i:,-54A. Its TBO "ncreased to 1,000 hours in

r' ...... ed but then dropped to 800 hours and

.. -, ••, .. .�) ,•o t he reportin ri period.
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Intermediate Gear Box. The MTBR for the CH-54A remained

approximately constant at about 900 hours; the TBO also remained

constant at 1,200 hours. The MTBR for the CH-54B looks ques-

tionable because of the sharp drop between the third and the

fourth quarter of 1973. However, the relatively low numbers

reported in the last two quarters still showed improvement over

that of the CH-54A. For the first ten quarters, the TBOs were

500 hours; for the last two quarters, they were 500 and 1,200

hours.

Main Gear Box. The MITBR for the main gear box of the CH-54A

worsened slightly (from about 550 to about 450 hours). However,

over this same period of time, the TBO was increased in two

steps (from 500 to 800 hours). The MTBR for the CH-54B improved

from 400 to 547 hours, a level slightly better than that of the

CD!-;A. Several models of the main gear box were in service,

with T30s varying from 250 to 800 hours.

Tail-Rotor Head. The >.T, R for the CHI-54A worsened (from

at,-) 7V r to; 550 hours); Ito ?BO remained constant (at 800 hours).

r,:: :'i: .-;ere -ecorrced for the CH{-5LB, even though the TBO re-

800 0 iours. The :TBR e•eorting for the C`-54B is nrob-

The ':TBR and TBO trends are summarized in Table 45. As can be
seen .y the totals (for the three types of trends) at the bottom

,'* ' ": '- •,•' r : 'l' ,:-.7.. . ...... d.'e For th:.. CM-5' A, te T3
... . ........ .. . ...... . the :,TBR

.............. ni .. . lv .. .nn ; l ,ine comnonents either

U., I, . r:ý;:m-' crn::" ".nt . In the other handn , he R

• . .. . . ... .. ........... ; th e " . . vC_, w i •

. . e.., . t reportinr per'od
"".: .. U: m~'•y d • a i:

.' . . , , , . . - , i .r- '

I m:.. ..... r, , . .. ,

a! est Avý\aable CopY



Table 45. MTBR AND TBO TRENDS FOR CH-54A AND CH-54B COMPONENTS

CH-54B` Relattve
CH-54A _ CH-54B .to CH-54A

Component MTBR TBO MTBRi TBO AMTBR"• 'TBO '

Main-Rotor Head W I I I I I
APP Clutch C C I C W I
Tail-Rotor Blade W - - - I
Main-Rotor Damper C W - I I I
Main-Rotor Blade W C - - I W
Turbine Engine C I W W I C
Intermediate Gear Box C C - W I W
Main Gear Box W I I - I
Tail-Rotor Head W - - -.

Totals W: 5 1 1 2 1 2
C: 4 3 0 1 0 1
I: 0 3 3 2 7 3

Key: W = worsening trend;
C = constant; and
I = improving trend.

that ca'eat, we will conclude that MTBRs tend to worsen for the
...s.. :,ears of service (the CH-54A period) and then improve

w* h.-'roduction of a later model of the aircraft (the
.:: '> • ,''5 d).

n .': . to increase, but not as uniformly as
on'm•.. <h " . n th-. case of the CH-54A, three increased
wh'.. '.- .:...i; r th. CH-54B, the same number (two) in-

" , MTBRz and TBOs is mu-h weaker than
... r CH"-5!A, all the. MTBRs

...... .' .:. , w.•hi .. Ix of th,. seven TBOs in-
... . ."...... .', ' "" . . n he o.h-,r hand, the MTBRs of

"'--. - • .- . .. . .v .... t h a n t h 2 T B O s . T h e r-s s2 )n
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to be learned from this analysis is that increasing TBOs should

not be assumed automatically to reflect improved MTBRs.

h. Summary of R&M Trends

The trends of the eight R&M measures (presented above) for

the CH-54A and CH-54B are summarized in Table 4-, which indicates

that there were about the same number of worsening trends (8 to-

tal) as there were improving trends (7 total). Hence, without

any weightinr of relative importance, the data indicate an over-

all approximately constant level of R&M measures for the CH-54A/B

family of . c"a't.

A crude weighting of the R&M measures of Table 45 can be

accomplished by eliminating the less important measures and the

measures that are redundant. Based on these criteria, the fol-

lowing four measures could be eliminated: (i) operational avail-

ability, because it depends on man-, factors other than intrinsic

R&.',' characteristics; (2) :4TBF? (All Failures) and (3) M4TBF (4*is-

sion Aborts), because they are reflected In total and mission

reliability; and (4) TBO, because overhaul costs are driven by

".TBR, rnot TBO. 1f these four R&UM .easures are dropped, the re-

sults are essentially the same as b-fore: there were still about

the same number of worseninr trends (F ta!' as there were .;m-

'n. trendl (3 total)--araln in'-!±t nr- "- r'eral aoprox.-
of.* .i o . . ' r "

flb fNO



"Table-46. SUMMARY OF CH-54A AND CH-54B R&M TRENDS

CH-54B Relative

R&M Measure CH-54A CH-54B to CH-54A

Total Reliability W C W

Mission Reliability I C C

Active MMH/FH C C W

Operational Availability C C C

MTBF (All Failures) W W W

MTBF (Mission Aborts) I I W

MTBR W I I

TBO I C I

Totals W: 3 1 4
C: 2 5 2
I: 3 2 2

Key: W = worsening trend;
C = constant; and
I = improving trend.

2. CH-53/RH-53/HH-53

The CI:-53A, the first of the H-53 series, was developed

for the :,,arine Corps and flew first in October 1964; deliveries

"::ar. in mid-1966. in September 1966, the Air Force ordered

;-:t.:`-53is; the first 'light was inarch 1967, and deliveries

.:.,*.ý:"-e 1967. The -..- 53C, an improved version of the
:::: , ;.:as first- delivered to the Air Force in August 1968. A

S.... ,- (". •~3Ea/Cs were bu.it. The CH-53D, an improved ver-

:• ."•:v* C{-53A for the :arihe Corps, was first delivered in
Th':l 19'>. Th! last -h-53D (the 265th CH-53 built) was le-

r I ne . a.iary 197?. 7n early 1971, the iNavy borroweI 15

"* -:3A::" t.. ."•:' th "irst- helicorter mine counterri-asures (>1CM)

• ,. , F!I. "-q3D('."ac) fas lown first in October 1972, and
: n., " .tembmb' 1073. n a+I!t! on to these 4.1.

... . ...... " ::- 3, ; t.ta[ of ho3 ":?-53sG r ,' n
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I.

produced for the German armed forces; the first delivery of this
version was in March 1969. There have also been eight CH-53s
delivered to Israel. and two to Austria [25]. Cumulative flight-

hours for the H-53 family of aircraft are shown in Figure 85.

Sections I.B.5, I.C, and II.A.2 include H-53 service-reported

R&M data. In addition to these data, we obtained data from

Sikorsky on abort rates and MTBRs for major components.

a. Abort Rates

Figure 86, taken directly from a Sikorsky report, shows the

CH-53A/D abort rate (in aborts per hour) versus accumulated

flight-hours. Figure 87, from another Sikorsky report, shows
in greater detail the abort-failure trend for the first 600

flight-hours. Figure 88 shows in more detail the data points
for the last segment of Figure 86 (coverIng the period October

1969 to June 1971); in addition, it shows from mid-1971 to mid-

1973 'the abort rate for the 15 CH-53As operated by the Navy as

MC11 helicopters.

Figure 86 indicates an abort rate per hour of about 0.28
at 100 fllght-hours, while Figure 87 indicates a rate of about

0.22 at 100 hours (the slope of the curve at 100 hours). In
elther case, there was a marked decrease in abort rate from

).22-0.28 at 100 hours to about 0.07 when the aircraft was intro-

duced into field serv.ce (after about 5,000 flight-hours). The
field rate dropped to about 0.03 after 40,000 flight-hours, but

then rose to about 0.04 at 100,000 to 150,000 flight-hours.

Figure 88 indicates that the abort rate remained at about 0.04
through the end of 1972, but then worsened markedly during the

Virst half of 1973, to about 0.07 (but this is only for 15

RHi-53n). Th1. higher abort rato could have resulted from a
more sever-r operating envlronmnfnt (rc1) than that of the Marine

Cor'p:;' huavy-transport mriasion. IrnovnIng the last two data

;, Inrt.s qi ' 1:1 rre 88, t.ne £ll1l-abort rate stlowed a moderate
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1965 CALENDAR PERIOD FOR DATA ACCUMULATION

DATA *% N % N% % %'

ACCUMULATED C,
-UP TO. y&4

100 - y------

90 FAILURES

.100 HRS

t

0 - ~FAI LURE-RATE " OPE al 9.5 FAI LURES PER 10
IN THt M'0 wu 600-HOUR REGION (i.e.,

z+ AN AVR'YT P&,,T OF 95./103 HOURS IS
INDICATED FC; THE PRESENT OPERATIONAL

Y'IL THr *:H-53A).
20

100o 200 300 400 sO0 600
TIME (flight-hours)

SOURCE- Reforenc* [ 29, 4* Repo"t]

Figure 87. MISSION-ABORT FAILURE TREND
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0.10 .-.
"CH-53A/D- CH-53A MCM

L, 0.05 - _ _ _ _ _ _ _ _ _ _ _ _

1969 1970 1971 1972 1973
CALENDAR YEAR

SOURCES: To mid-1971 - Reference [31, 8th Report]
After rmid-1971 - Reference [32, 1st Report].

2- 27.75-8

Figure 88. CH-53A/D AND CH-53A(MCM) ABORT RATES

improvement (from 0.07 to 0.04) following introduction into
service.

It is interesting to note that t.here was an increase in
abort rate every time the helicopter entered a new operating
environment; these increases were probably due to the initial
learning period of the new operating personnel. In Figure 86,
a "Predicted (Learning Curve)" has been drawn by Sikorsky
through the various curve segments for The different operating
phases. Note that the "Predicted (Learning Curve)" is lower
than the actual rates achieved in field service.

In Figure 89, these curves have been replotted on log-log
paper; also shown on this paper are the slopes representing
different Duane x's. As can be seen, depending on which parts
of the curves are used, a wide range of tx's can bp ohfatnpd.
From the initial point of the "Observed (In plant)" segment to
any point on the first "Observed (Field)" semrrent, the a's lie
In the range of 0.3-0.4.
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Fiurve 90 shows mi1sslio reLliability f'or the C11-93A* CHi-53Ds
and !WH535/C~, where mission rellabilit~y Is deflned as the prob-
ability that an aiircraf't will oxpeiv-'ence no( miti~son-aborting
!fa:Itr t in I 1. -hour~ rrisstaon. Not~e toat bFtmtver 90 Is based an

a .~hour' miss.ton, while P>tgures 86-883 are abor't, vates (aborts
per' ClIzhtý;-h.uP) .Tfjt m, itt'solor roll1 ~b ility x'*an bf' eomtputed from

th atort rat,9e by mneans of' thc, for'mula.U t whc'rr. ý Is the abort
i _qr ad t 1,,i the I ½ýrirh or' t:he ml ssiori In. hour.-,. The titmP

pt z'iud of' Fliurv 90 (fottrr h kj L 4!1 'tr kOf 1967 toŽ thtrd qu-i tr of
ln`1). co~vers Tlr~ur,.* 8r,1. ,p'-n of !10týrUMlated FL h1,ht-houru from

* ~~ ab t ? 000 t 2 b ý FL iotaorO Uure 86ri I Wicu~tes an

appro mat Iy ct&hsahtn abort 'rate of abbut .0.,.). ver thlt3. period,
* Wht1j Fl~i 90 "Dt an ip7Yzsral rnrs tro I'eabiI I ty.

Th I J.t"':cr'ence L, &it th, fact that Flt~ur'e S 6 -1 bs L , ,d on

)ttservedtt(adj"e aborl,s whI1lŽ F',ýure 90 Is based on
ai ote i~bor~ts. 'The a,! ~ri~o~nnt lbv~e~t.!E, el-Ii~ntation of
ab~p ý,-.r~~e . han the' r a!a per-

fPa rapra.t±rý " ý q. t4cý,3' . hZ:)W$ botL ' -bsevved and

a, L, C)or r i"s r' S- I' -I e h f2 -a ~ta. t A bost obspr'ed
3L~'t '~v'~ t7:' h~ ~r0.3 3, w h.1- It 'o-rr'espondlnig

:4 ., t~ *d a, r at., I U t:ov~' I OVO.n F pI ure.

a n 1 :)VU~(~ v n" flt ,jy :1.eld~ert (at about
5," I iC r¾1 h~)~ r Is ~ ,we concl.ude that the CH-53

2 a :taU ~ .. *~. ±A.J~0. 0 ý afrter roui~hly

b. MTBRs of Majqr Cqmomjpenents

Ta~l L~ r& 2'rats ma Ia' * o F -niar'iponcat s for'

~~1~ I2-A 'r i 1 3Da Iv r,! ri (In' 1 d ink-a t. ho l1 ' !-53 As 1loaned

~. a.(~ ! ',r ¶ I'1 -ho~ir r,': I ~n ; ho r's~ i Iri aot rae (rt
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SOURCE: Reference (30, 2nd Report, p. 7],
2-27.75.4

Figure 90. CH-53 AND HH-53 AIRCRAFT MISSION RELIABILITY

to the 11avy for MCM use). The table overs the period from the

end of 1967 (when cumulative flight-hours were about 29,000)
through the periods noted (June 1970 to December 1973). There
io a general trend of improvement in MTBR for these major com-
ponents: 13 of the 14 showed improvement in MTBR; only the

"Sleeve and Spindle" exhibited a worsening MTBR. In the last
column of Table 47, the a's for the Duane formulation [26] are

presented. The average val!Ae of a for all 14 components was

0.23.
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APPENDIX A

CONTRACTUAL REQUIREMENTS FOR MEASURING MISSION

AND SYSTEM RELIABILITY FOR THE AH-56A (CHEYENNE)
p



7.4.4 Mission Reliability Measurement

7.4.4.1 Mission Reliability Measurement Test Schedule -

Measurement of mission reliability shall be accomplished utiliz-
ing all data derived from contractor and Government flight test
programs. A measure of achieved reliability will be available
with status reports provided as specified in the contract. All
component time and railure data will be utilized to provide the
troadest possible statistical base for conclusions.

7.4.4.2 Mission Success and Failure Criteria - For purposes of
measuring AAFSS [Advanced Aerial Fire Support System, the AH-56A]
reliability, mission reliability is defined as the probability
that the AAFSS will successfully complete a mission of desig-
nated type and profile under specified flight conditions without
any fault in any subsystem/component required for the mission,
given that the AAFSS is operationally ready at the time of
mission assignment. Failures and malfunctions of minor or non-
essential components which do not affect mission capability are
not considered mission failures. Mission failures criteria
aPplicable to measurement of AAFSS reliability are presented,
but not limited to those in Table D.

TABLE D

7-ISSIO:N FAILURE CRITERIA

SYSTEM/SUBSYSTEM FAILURE CONDITIONS

A Aerial Vehicle

Airframe Windshield failure to the extent that
both pilot and copilot vision are
obscured.

inadvertent loss of canopy.

Loss of an external store required
for mission.

Any structural failure to the basic
airframe that requires precautionary
landing.

Loss of an engine cowling, fairing,
major access door, or cover.

7:,lrig 'Thar Failure of MLG to retract.
Failure to sustain MLG in the up
position.

Failure to extend and lock MLG in the
down position.

-est Available Copy
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74.•4.2 C ont inuedt)

S Y' T •/ BI' YSTEM FAILURE ONDITIOW,4

Power Plant and Less than 90 percent of installed
Related Systems power available.

Engine caused forced shutdown.

Loss of engine control.

Failure to start.

Power Transmission Loss of engine drive input power or
failure of engine drive input section
to provide to main rotor drive or tail
rotor drive sections.

Loss of tail rotor power, or failure
of tail rotor drive to provide normal
driving power.

Individual loss of either main rotor
drive power or accessory drive power.

Loss of ability to provide required
lubrication in the engine or power
trin lubrication systems.

Rotors, Props, and Loss of any one rotor blade or por-
Accessories tion thereof,

Loss of pitch control function of for-
ward propulsion propeller.

Hydraulics Loss of hydraulic power to both Flight
Control Hydraulic subsystems.

Instruments Loss of BDHI or HSI.

Complete loss of attitude indications.

Complete loss of airspeed indication.

Loss of both TIT indicators.

Loss of any two engine tach indicators.

Loss of both rotor tach indicators.

Elec~rical Loss of more than 50 percent of AC
power.

Loss of two out of three TR units in
the DC power subsystem.

Fuel Loss of ability to provide required
fuel to engine.

A-2



"', .4.*7• ("ontirnued)

U__F3_SY____ TEll__ FA 1 LU~ RE ON D 1T 1U

il ht 'ontrols Inabllity of gyro to control main
rotor blade pitcn.
Inability tc maintain functional con-

trol of the collective actuator.

Loss of cyclic control.
inability to maintain control of the
yaw actuator.

Inability of the yaw actuator to con-

trol tail rotor blade pitch.

"':ti!ity Loss cf main rotor or anti-torque
rotor, de-icing.

False fire warning.

Loss of erngine inlet duct anti-icing/
d:-!•nor.- function.
Complete loss of lighting to primary
flight instruments.

Auxiliary Power Failure to start.

B AvionIos

•o,-mmunicatlons Loss of both VHF/FM tactical RT
functions.

Loss of both ICS control subsystems.

Loss of both Doppler Navigation and
air mass sensing subsystems.

Loss of both heading and attitude
reference (HARS).

Computer Central Loss of a single output function.

Fire Control

Pilot Sight Loss of pilot sight subsystem.

Swiveling Gunner Loss of gunner sight sb'system.
Station Loss of azimuth tracking and inability

to return to boresight stow position.

Loss of missile guidance function.

C'ontrols & Displays Loss of missile control capability.
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?.¾'.•.? (Vontrlnu'd,

2 2:'YiTM/S;UBSY,:T1EM i]=A I i,[h i:OhDIT'I C•12

'D Armament

XP-140 .]tn Any inatllity to flre upon command.

XM-52 Subsystem Any 1in ailiy to fVre on command.

XM- 3• (,'n Any inability to fire on command.

V-1-53 Subsystem Any I1nb1 lity t 1I1re on command.

X11-129 Orenrade Any inabillty to fire cn command.
Launcher

XM-51 Subsystem Any inablllty to fire on command.

TOW Missile Any Inability to fire on command.
Subsystem

7.4.4.3 Chargeable Failures - Fallures will be included in the
computation of mission reliability when one or more of the
following conditions exist:

a. Multiple independent (primary) failure conditions
detected on the vehicle during measurement time will be individ-
ually chargeable.

b. Involun'avy stoppave caused by an independent (primary)
failure condition; or forced stoppage Judged necessary by the
pilot or' crew to prevent or eliminate airframe or engine damage
and/or personnel hazard.

c. Failure condition as a result of fluid, fuel, or lubri-
cation contamination where subsequent testing proves that the
contamination levels are within the limits specified for use in
the vehicle.

d. Undiagnosed failure conditions where failure symptom
was detected and verified in subsequent retesting at the bench
test level but diagnosis and determination of the basic cause
could not be established.

e. Failure is induced in GFM by installation characteris-
tics. Failure induced by such characteristic shall be chargeable
to CFM reliability.

7.4.4.4 Non-Chargeable Failures - Failures will be excluded from
the missi3"n reliability computation when one or more of the
f,ollowing conditions exist:
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7.4.4.4 (ContInued)

a. The failure symptom detected at the vehicle cannot be
duplicated during subsequent retest.

b. The failure symptom is detected on the vehille when
time is not being recorded by the appropriate meters.

c. The failure condition is a dependent (secondary) failure
as a result of an independent (primary) failure.

d. The failure is the result of damage caused by mishand-
ling, abuse, or improper storage practices.

e. The failure condition is a direct result of improper
test procedures or test equipment or improper maintenance
(maintenance not in accord with applicable technical manuals or
other maintenance documents).

f. Failure condition is the result of erroneous and/or
ineffective rework of a previous failure condition.

g. Failure consists of physical discrepancy which does not
affect the functional performance of the vehicle subsystem.

h. Failures detected during flight which are the result of
a misalignment or maladjustment by ground maintenance personnel.

Failures which result from fluid, fuel, or lubrication
contamination introduced to the vehicle from external sources and
sucsequent testinrg proves that contamination levels are outside
the limits of the applicable vehicle specifications.

j The failure condition occurred as a result of having
been suiected to operational limits beyond applicable operation

s t:r tons.

74.J4.5 Deduction of Failures - Failures which have been ana-
lyzed as to cause, with an effective fix developed for implemen-
tation to preclude recurrence, will be deducted from the total
cnargeable failures.

7.L.,J € Data Ac'uisiticn and Evaluation Process - Two factors
shall be utilized to measure achieved mission reliability; cum-
jI.ive operati •ng time, and net chargeable failures. Failure

tion to determine net chargeable failures and cumulative
.ime -t, he utilized in the measurement of mission reliability
-- a!" , perfor.ne,, ,s required, by the Contractor.

5 -5 3est pga'i\able CopV'



71

7.4,5 'System.Reliability Measurement

"7.e4.5..1. System Reliatlllty Measurement Test Schedule
S.Measurement of system reliability shall be accomplished utiliz-

ing data derived from Contractor and Government flight test
programs. A measure of achieved reliability will be available
with the status reports provided as specified in the contract.
All component time and failure data will be utilized to provide
the broadest possible 'statistical base for conclusions.

7..4.5.2 , SSst•em Success an ZI14 'r1• r1.a.- For the purpose
of measurng AAFSiS rellab l-'Jy., System Reiabi~li.ty is defin~d
as the probability that the AAPFSS will successfully complete a
mission assignment of deisignated"type and profile under speci-
fied flight conditions witL'-ut ircurring a fault in any of its
subsystems which would rtsquire unscheduled maintenance given
that the. AAFSS has been iaintained in accordance with applicable
instructions and i.s operatiaonally ready at the time of mission
assignment.

7.4.5.3 Chargeable Failures - Failures will be included in the
computation of system reliability when one or more of the
following conditions exist:

a. Multiple independent (primary) failure conditions
detected on the vehicle during measurement time will be individ-
ually chargeable.

b. Involuntary stoppage caused by an independent (primary)
fallure condition; or forced st.oppage Judged necessary by the
pilot or crew to prevent or eliminate airframe or engine damage

and/or personnel hazard.

c. Failure condition as a result of fluid, fuel, or lubri-
cat1in contamination where subsequent testing proves that the
contamination levels are within the limits specified for use in
the vehicle.

d. Undiagnosed failure conditions where failure symptom was
detected and verified in subsequent retesting at the bench test
level but diagnosis and determination of the basic cause could
not be established.

e. Failure is induced in GFM by installation characteris-
tics. Failure induced by such characteristic shall be charge-
able to CFM reliability.
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7,I4e5,L Nonchargeat'e Failures -Failures will be excluded frocuA
the systen e,~ i.~ ccmpu-. at ionn when one or more of the
following conditicns exist: Qf

*a. The failure symptCom detected 'at the vehic~le cannot be
duplicated during subsequent retest.,

b. The failure symptom is detected on t-he vehicle when
time is not being~ recorded by the appropriate meters.

a. The tailure condition Is a dependent (secondary) fail-
ure as a result of9 an independent (primary) failure.

d. The fallI.- I.s the A r esult of damnage caused by niis-
hgndling, c.A.use, or improper stcrage practices, ofipoe

e. The frailure mcnrld"4- is a direct resultofippe
test procedures, test equIpment or I.mproper rmdintenance (rna~ln-
tenance not in accord with applicable technical manuals or other
maintenance docur~ents).

f. F'ailure condi.tion is the result of erroneous and/or
incffective rework of a previous failure condition.

S. ailre onsstsof phscldiscrepancy wihde
not affect the functional pezrfornance of the vehicle subsystem.

h. ailresdetcte duing+-'igh whch re heresult of

i. Filues hic reult romflud, uel orlubrication
cona~mnat~onintrodcedt,. th ve~cl frm eteralsourýes

7i h n t e i i s o th a ppl icable ve i le s e if cat do es

J. The -fa I u re c or. cc.- a~ a a -e s *; tW of Z"',I _ L z-
been su~c,ý4s1Imt eodaplal opera-
tional instruc-.ons.

7.45.5Deduction -_of Failures - Failures which have been ana-
l.yzed as to catzse, with an e-f:ective fix developed for imple-

menttio topreclude recurrences will be deducted from the

7.4~.5.6 Daza Acau.'s-ýtl~n aE, >;zn:'ze. -.:w- factv.:Z

cumulati eoe:atirng teand net chargeable failures. Failure
9 evlaint etermine net chargeable fa!I',res and ;umulative

time to be utllized inl the measurement of system reliability
shall '.-e pe~~::,a~i re, -'
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7.14.5.1 . Weapo Susre _eem-ent Test Schedule -Measure-

ment of Weapon Subsystem rellability shall be accomplished by
live firing 'In the a.Ir.c raf tt both a.'+r *Cand ground. All firing
conducted during the entire flight test prog~mm hoth Contractor
anid Arniy, shall be used for this purpose to the --xtent possible.

7.41.6.2 Weapon Subsys[6tem Success and Failure Criteria - Weapon
Subsystems reliability shall be Pxpressea In terms of mean Rounds

IV oS , p a,,- For the purpose of measu~ring Weapons Sub-
systems reliabilitCy to the objectives of 06.1.'4.3, the criteria
9 4ven 7n -4.4~.2 sh~all _a,-ly.

7.14.5.3 ChreF ?i~ ailh;rs zhl be inc luded In the
computation of weapon subsystem, reliability when one. or more of
the following conditions exist:

a. Multiple independent (primary) failure conditions
detected on '.he vehicle during measurement time will be individ-
ually charge ab'Le.

.*b. Involuntary stoppage caused by an independent (prim~ary')
*failure ccrd.ition; or forced stoppage judged necessa~ry by t6-he

pilot or crew to prev-ent or- elilmlnate a lr6fyam- or ang-ine d-ciage
and/or personnel hazard.

c. Failure condition as a result of fluid, or lubrication
contamiriat~cri where subsequent testing proves that the contam-
ination levels are within the limits speciried for use in the
vehicle.

d. Yt 4ný!stF-se rallure conditions where failure symptonm
was detected and z''e n :~n z; ar.s;

.' dt:-.1.'_- I�. .- -.. - ýi: '*a could not be established.

e. Failure is induced in GON by installation characteris-
tics. Failure induced by such characteristic shall be charge-
able to CFM', reliabilit._'1V

No, . *- .

- he weapon subsysz~em relikat-Ilty computation when one or more of
the l~wn~cond~ttcns exist:

a. The failure syripr,:omr dietected ato the velhicle cannot be
duplicated dur-Ing sub~sequent retest.

R prd uced f ro"bes t vai1#je-be cO:Oby.A -
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7.4.6.4 (Continued)

b. The failure symptom is detected on the vehicle when
time Is not being recorded by the appropriate meters.

c. The failure condition is a dependent (secondary) fail-
ure as a result of an independent (primary) failure.

d. The failure is the result of damage caused by mis-
handling, abuse or improper storage practices.

e. The failure condition is a direct result of improper
test procedures, test equipment or improper maintenance (main-
tenance not in accord with applicable technical manuals or other
maintenance documents).

f. Failure condition is the result of erroneous and/or
ineffective rework of a previous failure condition.

g. Failure consists of physical discrepancy which does not
affect the functional performance of the weapon subsystem.

h. Failures detected during flight which are the result of
a misalignment or maladjustment by ground maintenance personnel.

i. Failures which result from fluid, or lubrication con-
tamination introduced to the vehicle from external sources where
subsequent testing proves that contamination levels are outside
the limits of the applicable vehicle specification.

J. The failure condition occurred as a result of having
been subjected to operational limits beyond applicable opera-
tional instructions.

7.4,6.5 Deduction of Failures - Failures which have been ana-
lyzed as to cause, with an effective fix developed for imple-
mentation to preclude recurrence, will be deducted from the
total chargeable failures.

7.4.6.6 Data Acquisition and Evaluation Process - Two factors
shall be utilized to measure ach-eved-mission reliability:
cumulative operating time, cumulative rounds fired, and net
chargeable failures. Failure evaluation to determine net
chargeable failures and cumulative time and rounds fired to be
utilized in the measurement of weapons subsystem reliability
shall be performed, as required, by the Contractor.
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APPENDIX B

CONTRACTUAL REQUIREMENTS FOR MEASURING RELIABILITY

FOR THE T700 ENGINE
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3.40 Reliability. The engine shall achieve the specified
reliability value of 1200 hours Specified Mean Time Between
Failure based upon decision risks of i0 percent and a discrim-
ination ratio of twu to one. This value is subject to the
failure definitions and exclusions specified in 3.40.3 and
3.40.4.

3.40.1 Engine Design Life. The engine shall have a design
6 #life of 5,000 hours, with an initial target of 1,500 engine

operating hours MTBFRO (Mean Time Between Failure Requiring
Overhaul) at completion of the Post Qualification Reliability
Demonstration Test Program. The 1,500 hour MTBFRO is based on
the criteria of "on condition" maintenance and the load spectrum
"below.

(a) % INTERMEDIATE ENGINE POWER % ENGINE LIFE AT THIS POWER

100 15

75 45
* 55 25

35 10

IDLE 5

(b) Two start cycles per hour, with at least half of the
* starts made after the engine has cooled to ambient temperature.

The basic engine and all related components shall be designed for
a minimum life of 5000 hours when operated at rated temperature
levels according to the loading schedule of (a) above.

3.40.2 Engine Reliability Objectives. Reliability objectives
to be reached at 17,000 engine operating hours of accumulated
experience after qualification are shown below. These Mean
Engine Operating Time Between Failure (MEOTEF) objectives shall
not be degraded by more than 10 percent due to storage in approved

* storage container (without any maintenance or restoration) for a
period not to exceed six calendar months.

Failure Classes Engine MEOTBF (Hours)

I 1,250,000

I/II 303,000

I/lI/Il 6,300

I/II/III/IV 3,000

I/II/III/IV/V 1,800

B- 10•,



3.40.3 Definitions.

(a) Mean Time Between Failure (MTBF). The total engine
operating time of a population of engines divided by the total
number of relevant events of engine failure experienced within
the population during t he measurement interval.

(b) Failure. Inability to perform required function within
specifiedd liits.

(c) Failure Requiring Overhaul (FR0). Failures in which
corrective maintenance is sufficiently e-xtensive to be beyond
the capability of the organizational or direct support level;
i.e., best performed at depot level (typically this will include
major lube system contamination cases, main engine bearing
failures, etc.).

(d) Failure classes.4

Class I - Failures that result in destruction of an
engine or loss of aircraft control or fire
external to the engine.

Class II - Failures which result in In-Flight shut-
down (i.e., unrecoverable power loss).

Class III- Failures which result in potential power
losses completely or partially rectified
by automatic or manual corrective action.

Class IV - Failures which result in power loss or no
start.

Class V - Failure which requires unscheduled main-
tenance action.

(e) Power Loss. Inability to obtain and/or sustain at
least 90 percent of the desired power level,

(f) Primary Failure. An independent failure, not as a
result of another failure.

(g) Secondary Failure. Any failure within the engine which
was the result of some other failure.

3.40.4 Excluded Failures. The following exclusions apply in
computatione of the Reiability values stated in 3.40 and 3.40.2.
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(a) Failures resulting from errors of maintenanoe personnel.

(b) Failures resulting from operating the engine beyond
* specification limits. Included failures are those operationally

related failures for which engine provides integral protective
devices (overspeed, overtemperature, hot starts).

(c) Failures resulting from airframe components,

(d) Failures to start if a successful start is accomplished
without corrective maintenance action.

(e) Reported operating malfunctions which cannot be verified
by subsequent investigation, flight or ground test.

(f) Multiple part removals and other maintenance actions
performed upon the same engine following an initial failure re-
quiring maintent.nce action will be counted as one failure against
the engine.

(g) Failures of equipment not furnished by the engine
contractor.

(h) Failures for which a corrective engine design change
or an operational procedure change has been demonstrated, and
approved by the Government, will be removed from the fVilure
count, unless the events are identical to those for which cor-
rective action was taken and It has been determined that the
prescribed corrective action procedures have been utilized.
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